University of Windsor

Scholarship at UWindsor
Electronic Theses and Dissertations

Theses, Dissertations, and Major Papers

8-27-2019

Design and Preparation of Stretchable Semiconductors Through
Polymer Blending
Mariia Selivanova
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation
Selivanova, Mariia, "Design and Preparation of Stretchable Semiconductors Through Polymer Blending"
(2019). Electronic Theses and Dissertations. 7788.
https://scholar.uwindsor.ca/etd/7788

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.

DESIGN AND PREPARATION OF STRETCHABLE SEMICONDUCTORS
THROUGH POLYMER BLENDING

By

Mariia Selivanova

A Thesis
Submitted to the Faculty of Graduate Studies
Through the Department of Chemistry and Biochemistry
in Partial Fulfillment of the Requirements for
the Degree of Masters of Science
at the University of Windsor

Windsor, Ontario, Canada

2019

© 2019 Mariia Selivanova

DESIGN OF EXTRINSICALLY STRETCHABLE SEMICONDUCTORS THROUGH
POLYMER BLENDING
by
Mariia Selivanova

APPROVED BY:

______________________________________________

J. Ahamed
Department of Mechanical, Automotive and Materials Engineering

______________________________________________
T. Carmichael
Department of Chemistry & Biochemistry

______________________________________________
S. Rondeau-Gagné, Advisor
Department of Chemistry & Biochemistry

August 27, 2019

DECLARATION OF CO-AUTHORSHIP/PREVIOUS PUBLICATION

I.

Co-Authorship

I hereby declare that this thesis incorporates material that is result of joint research, as
follows:
Chapter 3 of the thesis was co-authored with Ching-Heng Chuang, Blandine Billet, Aleena
Malik, Peng Xiang, Eric Landry, and Yu-Cheng Chiu under the supervision of Prof. Simon
Rondeau-Gagné. The key ideas, primary contributions, experimental designs, data analysis,
interpretation, and writing were performed by the author, and the contribution of co-authors was
primarily through device fabrication and characterization. Blandine Billet and Aleena Malik
contributed to the characterization of the polymer blend systems; Yu-Hsuan Chen and Ching-Heng
Chuang completed transistor fabrication and measurements; Peng Xiang and Eric Landry provided
a branched polyethylene (BPE) derivative from PolyAnalytik company. All authors provided
feedback and editions to the published manuscript. All authors have given approval to the final
version of the manuscript. Chapter III was adapted with permission from Ref. 29. (Chapter IV)
copyright 2019 American Chemical Society.
Chapter 4 of the thesis was co-authored with Blandine Billet, Song Zhang, Audithya
Nyayachavadi, Aleena Malik, Peng Xiang, Eric Landry, Xiaodan Gu, under the supervision of
Prof. Simon Rondeau-Gagné. The main ideas and contributions, as well as writing were performed
by the author, while the significant input of the co-authors was primarily through the data analysis
and characterization. Blandine Billet and Aleena Malik helped to study the stretchability of the
polymer blend systems; Audithya Nyayachavadi helped to acquire the grazing incidence X-ray
diffraction (GIXRD) data at the Canadian Light source at beamline HXMA; Zhang Song
iii

completed the determination of the Young’s modulus as well as processed the GIXRD data; Peng
Xiang and Eric Landry provided a branched polyethylene (BPE) derivative from PolyAnalytik
company. All authors provided feedback and editions to the published manuscript.
I am aware of the University of Windsor Senate Policy on Authorship and I certify that I
have properly acknowledged the contribution of other researchers to my thesis and have obtained
written permission from each of the co-author(s) to include the above material(s) in my thesis.
I certify that, with the above qualification, this thesis, and the research to which it refers,
is the product of my own work.

II.

Previous Publications

This thesis includes one original paper that have been previously published in peer
reviewed journal of ACS Applied Materials and Interfaces, as follows:
Thesis Chapter Publication title/full citation
Publication status*
Chapter 3
Selivanova, M.; Chuang, C.; Billet, B.; Published
Malik, A.; Xiang, P.; Landry, E.;
Chiu,
Y.;
Rondeau-Gagné,
S.
Morphology
and
Electronic
Properties
of
Semiconducting
Polymer and Branched Polyethylene
Blends. ACS Appl. Mater. Interfaces
2019, 11, 12723–12732.
Chapter 4
Branched
Polyethylene
as
a Submitted
Plasticizing Additive to Modulate the
Mechanical
Properties
of
πconjugated Polymers, 2019

I certify that I have obtained a written permission from the copyright owner(s) to include
the above published material(s) in my thesis. I certify that the above material describes work
completed during my registration as a graduate student at the University of Windsor.
iv

III.

General

I declare that, to the best of my knowledge, my thesis does not infringe upon anyone’s
copyright nor violate any proprietary rights and that any ideas, techniques, quotations, or any other
material from the work of other people included in my thesis, published or otherwise, are fully
acknowledged in accordance with the standard referencing practices. Furthermore, to the extent
that I have included copyrighted material that surpasses the bounds of fair dealing within the
meaning of the Canada Copyright Act, I certify that I have obtained a written permission from the
copyright owner(s) to include such material(s) in my thesis.
I declare that this is a true copy of my thesis, including any final revisions, as approved by
my thesis committee and the Graduate Studies office, and that this thesis has not been submitted
for a higher degree to any other University or Institution.

v

ABSTRACT
A new strategy for influencing the solid-state morphology of conjugated polymers was
developed through physical blending with a low molecular weight branched polyethylene (BPE).
This non-toxic and low boiling point additive was blended with a high charge mobility
diketopyrrolopyrrole (DPP)-based conjugated polymer and a detailed investigation of both
electronic (Chapter III) and mechanical (Chapter IV) properties was performed. The new blended
materials were characterized by various techniques, including X-ray diffraction, UV-Vis
spectroscopy and atomic force microscopy (AFM). Interestingly, the branched additive was shown
to reduce the crystallinity of the conjugated polymer, while promoting aggregation and phase
separation in the solid-state. The performance of the new branched polyethylene/conjugated
polymer blends was also investigated in organic field-effect transistors, which showed a stable
charge mobility, independent of the blending ratio. Furthermore, by using the new BPE additive,
the amount of conjugated polymer required for the fabrication of organic field-effect transistor
devices was reduced down to 0.05 wt.%, without affecting charge transport, which is very
promising in a large-scale fabrication of organic-field effect transistors (OFET) devices. Moreover,
BPE additive acts as a plasticizer, thus drastically decreasing the crystallinity of conjugated
polymers which is beneficial for the development of stretchable and flexible electronic devices.
The incorporation of BPE amount to the conjugated polymer leads to an increase of the crack onset
strain of polymer blends and decrease in the number of cracks, as well as their width. Our results
demonstrate that the physical blending of conjugated polymer with non-toxic, low-molecular
weight BPE is a promising strategy for the modification and fine-tuning of the solid-state
morphology of conjugated polymers without sacrificing their charge transport properties, thus
creating new opportunities for the large-scale processing of organic semiconductors.
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CHAPTER I. INTRODUCTION

1.1.

Organic Electronics and their Applications

People live in an electronic world, using electronic devices in their every day life such as
laptops, smartphones, digital cameras, cooking stoves and others. Due to the rapid technological
advances, the market of electronic devices is currently growing towards the wearable electronics.
One of the most interesting applications of these devices in a daily life are smart watches, fitness
bands, sensors, however, the limitation of these electronic devices is their softness to fit the human
body and move towards bioelectronics.1 Therefore, the solution is the development of new organic
electronic devices, using organic materials which are promising candidates due to their intrinsic
softness, synthetic tunability for specific device applications with desired electronic and
mechanical properties.
The field of organic electronics has attracted much attention in the scientific community
and recent literature due to its large-area of applications. Nowadays, organic electronics see use in
many applications including smart phones, televisions, sensors, batteries, photodetectors, organic
lasers, devices which utilize light-emitting diode (OLED) displays among many others.2,3
Although they offer a plethora of applications, the most interest is focused on main three types:
OLEDs for displays and lighting, organic field-effect transistors (OFETs) and organic solar cells
(OSC) (Figure 1.1).
In recent years the major focus of research has been done towards potential future
applications of organic electronics. One of the growing and interesting area of research is
development of new generation of organic electronics devices with desired properties such as
flexibility, stretchability and softness that allow them to be bent, folded, twisted and stretched.
1

Figure 1. 1. Most common applications in the field of organic electronics

1.2.

Organic Electronics in Comparison to Inorganic Electronics

Currently, most electronics devices are silicon-based. The main limitation of inorganic
electronics is their low tolerance to mechanical stress which makes them potentially unsuitable for
the development of flexible and stretchable electronic devices.4 Not only do silicon-based devices
possess low mechanical compliance, they also have high manufacturing costs, complex
processing, small areas of fabrication that is not ideal for printed electronics.
These challenges have led to the increased development of organic electronics which
promise low manufacturing costs, simple processing, and the ability to be made flexible,
stretchable and solution-processed over large areas of fabrication (Figure 1.2.).

2

Figure 1. 2. Comparison between characteristics of organic and inorganic electronics

The development of new organic electronic materials with better performance and desired
properties is a growing field of research. One novel feature of this new generation of organic
electronics is flexibility.5 Flexible devices must have high strain tolerance and at the same time
high electronic performance which is unaffected by applied strain. It is important to realize that
the term flexible can mean a range of various deformations such as bendable, foldable, rollable,
permanently shaped, or non-breakable.6,7
The history of flexible electronics is longer than one may expect. The development of
flexible electronics began in the 1960s. The first flexible solar cell arrays were made by shrinking
silicon wafer cells to around 100μm and then assembling them on a plastic substrate to achieve
flexibility.8 The first thin-film transistor (TFT) was reported in 1968. Brody and colleagues made
a TFT of tellurium on a strip of paper and subsequently designed TFTs on such flexible substrates
as polyethylene and anodized aluminum foil. Interestingly, the TFTs maintained their performance
3

while bent to a 1/16’’ radius. Moreover, they could be cut in two halves along the channel
directions and continued to function.9,10 One major breakthrough was the discovery and
development of conductive polymers by Alan G. MacDiarmid, Alan J. Heeger and Hideki
Shirakawa who were awarded the 2000 Nobel prize in Chemistry.11
The main three types of materials required for organic electronics are insulators, conductors
and semiconductors.12 One type of materials utilized in organic electronics is insulators (quartz,
rubber) which do not allow the electric current to pass through them. Even though these materials
remain non-conductive, they are no less critical for the operation of several electronic devices. For
example, the dielectric material (glass, oxides of various metals) is a type of an insulator which
becomes polarised in the presence of the electric field and used in OFETs to insulate the gate from
the rest of the device.16 Metals (silver, gold) are the best-known electronic conductors since it
requires very little energy for the electrons to enter the conduction band. The conductivity of
metallic films is around 104-106 S/cm.6 The key challenge of using conductors for the stretchable
and flexible electronic devices is that metal films are often found to be mechanically
inadequate.13,14 This leads to the use of polymeric materials which naturally have some degree of
mechanical compliance and represent another type of materials in organic electronics as
semiconductors. One of the most used organic polymers in organic electronics is the polythiophene
derivative poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) with the
conductivity greater than 1000 S/cm.15
In general, the control of the band gap of the semiconducting polymers has attracted much
attention in the research of organic electronics and their use is growing towards the development
of flexible, stretchable and highly conductive electronic devices.17 Among other materials,
semiconducting conjugated polymers possess the advantages of low cost, light weight, solution
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processability and having naturally some degree of mechanical compliance, thus providing the
opportunity to make the next generation of electronics devices.18
Despite all the progress, researchers continue to improve the synthesis of conjugated
polymers towards the use in organic electronics that will lead to better performing solar cells,
transistors, electronic displays and lights. The future researches aim to make flexible, stretchable
electronic devices with long lifetimes that are recyclable or even biodegradable.

1.3.

Semiconducting Conjugated Polymers

One of the main building blocks for organic electronics are semiconductors.7 Polymers are
promising candidates for flexible organic electronics due to their low mechanical stiffness, large
area fabrication, low temperature processing (lower cost), and most importantly the ability to be
tuned for specific device applications.19,20
Organic semiconducting materials are classified as small molecules or conjugated
polymers that have their backbone built through sp2 hybridization. In such configuration π-bonds
are

responsible

for

electronic

properties

of

conjugated

polymers

since

the

π-electron clouds are delocalized throughout the polymer chain over the entire structure which in
turn allows for fast charge-carrier movement along the polymer backbone.5 The π-conjugation is
illustrated on the polyacetylene polymer in Figure 1.3.21,22 The most common conjugated polymers
in organic electronics are illustrated in Figure 1.4.23
The great breakthrough in the field of organic electronics was the ability to decrease the
band gap of conjugated polymers via alternating electron-rich (donor) and electron-deficient
substituents (acceptor) along the conjugated backbone of semiconducting polymer. Interaction of
the donor-acceptor building blocks enhances the nature of the double bond between the repeating
units which leads to the stabilization of a low band gap within the polymer backbone.24,25
5

Figure 1. 3. Formation of the π-conjugation in polyacetylene polymer by the delocalization of πelectron cloud along the polymer chain.

a)

b)

f)

g)

c)

d)

i)

e)

j)

h)

Figure 1. 4. The chemical structures of most common conjugated polymers in organic electronics:
a) Polyacetylene (PA); b) Polythiophene (PT); c) Polypyrrole (PP); d) Polyisothianaphthene (PPy);
e)

Polyethelene-dioxythiophene

Polyparaphenylene

vinylene

(PEDOT);

(PPV);

h)

f)

Poly(3-hexyl)thiophene(P3HT);

Poly(2,5-dialkyloxy)-paraphenylenevinylene;

g)
i)

Polyparaphenylene (PPP); j) Polyheptadiyne.

It is important to note that there are two kinds of extrinsic semiconductor: p-type (positively
charged carries -holes); n-type (negatively charged carriers -electrons). N-type semiconductors
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exhibit lower carrier mobility and are found to be more sensitive to surrounding conditions,
especially to oxygen and humidity. As a result, the majority of semiconductors are p-type, but
n-type are also available.26 Pentacene is one of the most extensively studied p-type semiconductors
for OFETs and displays one of the highest mobilities of 1.5 cm2V-1s-1 reported in the literature.27
Among others, polythiophene28, poly(3-hexylthiophene)29 and tetracene30 are widely used organic
semiconductors for OFETs applications. Various n-type semiconductors are based on
oligothiophenes. Facchetti et al reported the perfluorohexylsubstituted thiophene oligomers with
mobility as high as 0.24 cm2V-1s-1.31
One of the main characteristics of semiconducting polymers is charge carrier mobility
which determines how fast the charge carriers move through a semiconducting material. In
conjugated polymers, the charge carries (electrons or holes) can move in two ways:
intramolecularly or intermolecularly. In the intermolecular charge transport manner
(Figure 1.5., way 1) the charge carriers are moving by π-electron delocalization along the polymer
backbone. In the intermolecular charge transport (Figure 1.5., way 2) the charge carriers are
moving across the π-π-stacking of the polymer backbones. It is found to provide the most sufficient
charge transport in semiconducting polymers, however, it is dependent on the effective
conjugation length of the polymer which is limited by the disorder along the polymer backbone
and the presence of chemical defects.32
The researchers were mostly studying semiconducting conjugated polymers such as
polyacetylene,33 polypyrrole or polythiophenes as the main components in OFETs.29,34 The chargecarrier mobilities for OFETs have increased dramatically from less than 0.01 cm2/Vs in 2000 to
more than 1-3 cm2V-1s-1 in 2012 which is as high as amorphous silica.35 Later on, the performance
of conjugated polymer-based OFET reached even 21.3 cm2V-1s-1.36
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Figure 1. 5. Charge transport in a conjugated polymer: a) intramolecular; b) intermolecular.32

Although polymeric semiconductors are naturally flexible, they are typically not highly
stretchable. A major challenge in developing flexible and stretchable semiconducting polymers is
enhancing their mechanical properties without affecting their charge transport mobility. The
competition between electronic and mechanical properties is dependent on the solid-state
morphology.37–39 Salleo et al. describe the multiple morphologies that co-exist in a solid-state
conjugated polymer network.40 Charge carriers typically move faster in crystalline regions than in
amorphous regions in conjugated polymers because polymer chains adopt favourable π–π stacking
amongst the polymer chains in crystalline regions that result in high transport charge mobility,
however, this morphology is inadequate with respect to mechanical compliance (Figure 1.6a).
In contrast, the random polymer chain orientation in amorphous regions hinders
connectivity between conjugated backbones and leads to structural disorder which in turn limits
charge transport in high-mobility conjugated polymers (Figure 1.6c). Since highly-crystalline
conjugated polymers have proven to be inadequate for soft electronics applications and amorphous
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morphology limits charge transport, the ideal morphology for stretchable semiconducting
polymers is somewhere in between amorphous and crystalline with balanced electronic and
mechanical properties. (Figure 1.6b).39

a)

c)

b)

Semicrystalline
Ordered
semicrystalline
domains
Good for high
charge transport

Ideal Morphology
Semicrystalline
disordered
aggregates
connected through
amorphous chains

Amorphous
Good for
mechanical
compliance

Figure 1. 6. Microstructure of conjugated polymer thin films. a) Semi-crystalline ordered domains
are favourable for good charge transport; b) semi-crystalline disordered aggregates, ideal
morphology for balanced electronic and mechanical properties; c) completely amorphous film
favorable for mechanical properties. Adapted with permission from Ref. 40. Copyright 2013
Springer Nature.
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1.4.

Determination of the Electronic and Mechanical Properties of Conjugated

Polymers

1.4.1. Evaluation of the Electronic Properties

The charge carrier mobility of organic semiconducting polymers has been improving
tremendously over the past few years. A field-effect mobility as high as 21.3 cm2V-1s-1 has recently
been measured by Luo and co-workers.36 It has been found that polymers with a conjugation, an
uninterrupted sequence of single and double bonds running through the whole molecule, are the
most successful candidates for conducting polymers.41,42
Organic field-effect transistor is the main tool to probe the electronic properties of
semiconducting polymers.43 Nowadays, reports with mobility higher than 1 cm2V-1s-1 are common
for OFET device’s performance.44An OFET device consists of three terminals such as source,
drain and gate. It is also composed of a semiconducting layer which is deposited on top of the
dielectric layer.45 The active semiconducting material is connected to two terminals (source and
drain) and controlled at the third terminal (the gate) which is insulated from the rest of the device
by the dielectric layer. When the voltage is applied to the gate, charge carries are induced in the
dielectric-semiconductor interface, creating a conductive channel. If a negative potential is applied
to the gate, positive charges are formed at the interface between the semiconducting polymer and
the dielectric layer. Then, due to the potential between the source electrode and the drain electrode,
these positive charge carriers travel through the semiconducting layer, forming a p-type OFET
device (Figure 1.7).46,47
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Figure 1. 7. Schematic illustration of an organic field-effect transistor device

Figure 1.8. Schematic representation of four configurations of organic field-effect transistors: (a)
bottom-gate top-contact (BG/TC); (b) bottom-gate bottom-contact (BG/BC), (c) top-gate topcontact (TG/TC), (d) top-gate bottom-contact (TG/BC) structures.
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The possible configurations of OFET devices are shown in Figure 1.8.46 In terms of gate
configuration, (a) and (b) have bottom gate (BG) configurations, while (c) and (d) exhibit top-gate
(TG) configurations. In terms of contact electrodes, there are top-contact (TC) (Figure 1.8a and c)
and bottom-contact (BC) configurations (Figure 1.8b and d). The two most frequent structures are
bottom-gate top-contact (BG/TC) and bottom-gate bottom-contact (BG-BC) because of their
relatively simple fabrication. The advantages of bottom-gate configurations are commercially
available doped silicon wafer with top layer of silicon oxide which act as electrode and dielectric,
respectively. Moreover, the bottom-gate configurations is easier to fabricate comparing to the topgate configurations.48,49
Charge carrier mobility is the main characteristic of the electronic properties of
semiconducting polymers. It is the measure of the speed of charge carriers in a semiconductor
material when electric field is applied and generally refers to both electrons and holes charge
carriers called electron and hole mobility, respectively. Therefore, a great mobility value is
essential for the generation of highly conductive electronic devices. The charge carriers in a
semiconducting material are characterized by a velocity, υ, hence, the mobility, µ, is defined as a
coefficient of proportionality between the drift velocity, υ, of a charge carrier and the applied
external electric field it experiences, E, where µ = 𝜐𝐸 −1. Consequently, the units of charge carrier
mobility are cm2 V-1s-1.50,51 Another important parameter of OFET devices defines the turn-on of
the device which means the conducting channel only forms after the gate voltage is beyond, so
called threshold voltage. In other words, it is a minimum gate-to-source voltage (VGS(thr)) that is
required to create a conducting path between source and drain terminals.52,53
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1.4.2. Key Methods for the Evaluation of Mechanical Properties

One of the important parameters for the development of flexible and stretchable devices is
the mechanical compliance of semiconducting materials. Even though π-conjugated polymers are
already flexible, they are typically not stretchable which is why the research is focused on the
development of stretchable semiconducting materials with enhanced mechanical properties for the
next generation of electronics.54
The main characteristics of the mechanical properties of semiconducting polymers are
glass transition temperature (Tg), degree of crystallinity, Young’s modulus or also called elastic
modulus, and crack onset strain. The Tg is described as a phase transition at which polymer chains
have enough free volume to move relative to one another. It is very important characteristic since
above this temperature polymer chains behave like soft and rubbery materials that is essential for
their good mechanical properties. Tg is highly influenced by the effects of molar mass of
semiconducting polymers as well as their structure.55 As mentioned above the semiconducting
polymers exist in such morphologies in a solid state as crystalline, semi crystalline or amorphous
which affect their mechanical properties.40 The degree of crystallinity is a fraction of the ordered
domains in the polymer thin films. The most common method to measure the crystallinity of the
semiconducting polymers is X-ray diffraction.56,57 Another characteristic is Young’s modulus
which describes the resistance of semiconducting polymers to elastic deformation. The higher the
Young’s modulus is, the more rigid the polymer is. Organic semiconducting polymers have typical
modulus in a GPa range.58 Another parameter that describes the mechanical properties of
semiconducting polymers is crack onset strain (COS). It provides an important perspective of ﬁlm
ductility and is a direct probe of stretchability.59
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There are various methods to study the mechanical properties of semiconducting polymers.
Every technique has its own advantages and limitations and can lead to important inconsistencies
in terms of values and ranges. Therefore, it is crucial to get an overview of the different methods
and techniques used to measure the mechanical properties of materials in order to get accurate
values.
One way to examine the mechanical properties of π-conjugated polymers is measuring the
elastic modulus or so-called Young’s modulus by film-on-water tensile test (FOW).60

Figure 1. 9. Schematic illustration of pseudo free-standing thin-film tensile tester for measuring
mechanical property of floated ultrathin conjugated polymer films. Adapted with permission from
Ref. 60. Copyright 2018 John Wiley and Sons.

The FOW technique utilizes water as a surface with high surface tension of 73 mN m−1 to
float thin ﬁlms of semiconducting polymers. Once the dog-bone-shaped ﬁlm is ﬂoated on the water
surface, it is attached to the load grips using small PDMS slabs that make van der Waals adhesion
with the load cell and the thin ﬁlm. The tensile test was performed using motorized linear stage
equipped with a digital encoder to obtain stress-strain curves (Figure 1.9).60,61 This method
14

possesses the advantage of free-standing thin film tests comparing to the substrate-supported
tests.61,62
The obtained stress-strain curve is an extremely important measure of a material’s
mechanical properties, providing such critical features as elastic and plastic zones, the elastic
modulus, elastic limit or yield point, ultimate tensile strain, breaking stress or fracture point, and
toughness.55,63 The elastic modulus of a film (E) is a slope of the stress-strain curve in the linear,
elastic zone.54
Another technique to measure the elastic modulus of conjugated polymer thin films is
tensile strain film-on-elastomer.64,65 Briefly, the spincoated thin film is transferred onto the
prestrained soft elastic substrate such as PDMS. Upon releasing the strain, the thin film on the
elastomeric substrate buckles to form of a wavy and wrinkled surface due to the energetic
competition and modulus mismatch between the film and substrate.66,67 The schematic illustration
of buckling of the thin film (red) upon releasing the strain of the substrate is shown in Figure 1.10.

Figure 1. 10. The schematic illustration of tensile strain on film-on-elastomer of the thin film (red)
upon releasing the strain of the substrate, where d is the wavelength of the wrinkling instability,
hf is thickness of the thin film, Ef and Es are the modulus of the film and substrate, respectively.
Adapted with permission from Ref. 136. Copyright 2015 Springer Nature.
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The periodicity of the buckling pattern is mostly dependent on the modulus ratio between
the film and substrate (Ef/Es) as well as the thickness of the thin film (hf). The buckling wavelength
is measured with either an optical microscope or AFM which can be directly correlated to the
Young’s modulus by using Stafford and coworkers’ equation.68,69 The advantage of the buckling
method is that it does not require specialized equipment for measuring the elastic modulus of
semiconducting polymer thin films. However, it possesses the disadvantage of being less accurate
comparing to other techniques since the formation of surface buckles with uniform and periodic
wavelength can be challenging. Moreover, this method provides only one value of the elastic
modulus as a characteristic of the mechanical properties of semiconducting conjugated polymers,
while FOW technique also includes the determination of the elastic limit and fracture points, elastic
and plastic zones, as well as the toughness of the material.54,70
Another technique to measure the elastic modulus of semiconducting polymer thin films is
called nanoindentation which is performed in the force mode using AFM by recording the
interaction forces between the surface and a sharp tip mounted on a cantilever.71
In force mode, the tip is brought into contact with the surface, pushed to a maximum load,
and then withdrawn. The voltage on the photodiode, recorded throughout the tip motion, is
converted into force and then plotted against the distance which is commonly called the force
curve.72 However, this method applies the Hertz model73 to assume nondeformable cantilever, the
average contact area between point and base of the tip, as well as there are no additional
interactions between the cantilever and sample.74,75
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Figure 1.11. The schematic representation of the nanoindentation experiment: (a) there is no
contact between the tip and sample; (b) the cantilever deflects by bending in the opposite direction
(x); (c) the deformation of the sample by the tip (σ). Adapted with permission from Ref. 76.
Copyright 1998 John Wiley and Sons.

As the tip is pushed into the sample by a distance z (height), the cantilever deflects, bending
into the opposite direction (x) and causing an increase in the voltage. The deformation of the
sample by the tip (σ) results in the deviation from the linearity between the force and distance.
Finally, σ is calculated by subtracting the height distance (z) from the cantilever deflection (x).
The schematic representation of the nanoindentation experiment is shown in Figure 1.11.75,76
The nanoindentation technique allows to study the mechanical properties of the material
avoiding the transferring the sample onto the substrate for the further characterization, as well as
the effects of the underlying substrate.77 However, the properties of the probe, such as spring
constant, sensitivity, and tip radius need to be known to obtain accurate results. Moreover, the
surface forces, attractive forces (Van der Waals and electrostatic) can mask the onset of contact
between the AFM probe and the specimen, which creates uncertainty in the location of the contact
point.72,74
Another way to study the mechanical properties of conjugated polymers is measuring crack
onset strain which is defined as minimum strain at which cracks start to propagate.54 The film-on17

elastomer method is one of the most common approaches to measure crack onset strain by
physically manipulating the films on a PDMS substrate. The formation of cracks under strain is
simply observed by optical microscopy.59

1.5.

Approaches toward Stretchability

Various strategies have been applied to achieve intrinsically stretchable semiconducting
materials, which include covalent bonding, supramolecular chemistry (H-bonding, metal-ligand
coordination, etc.), ionic interactions, and π-π stacking. The main three approaches that have been
used to achieve highly stretchable semiconducting polymers are strain engineering, physical
blending and backbone engineering each of which has its own benefits and drawbacks
(Figure 1.12.).78,80,86,88

Figure 1.12. Comparing main three approaches to stretchable semiconducting conjugated
polymers: a) strain engineering. Adapted with permission from Ref. 78. Copyright 2009 John
Wiley and Sons. b) molecular design. Adapted with permission from Ref. 86. Copyright 2018
American Chemical Society and Ref. 88 Copyright 2007 John Wiley and Sons. c) physical
blending. Adapted with permission from Ref. 80. Copyright 2016 John Wiley and Sons.
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1.5.1. Strain Engineering

The strain engineering approach or buckling method (also called “wrinkling”), is based on
the placing of a rigid semiconductor thin film on a pre-strained elastomer substrate. The most
common elastomeric substrate that has been used is polydimethylsiloxane (PDMS). When the film
on the elastomer substrate is released, it generates wavy structures.81–83
Once Rogers and co-workers demonstrated highly stretchable devices using wrinkled Si
nanoribbons,78 many researchers became interested in this strategy to produce flexible and
stretchable electronics.
The first stretchable organic device on a pre-strained PDMS substrate were reported by
Bao and co-workers in 2011.84 One year later, Someya and colleagues fabricated a photovoltaic
(OPV) device on an ultrathin poly(ethylene terephthalate) (PET) substrate and then transferred it
onto a pre-strained rubber substrate.85 The wrinkles formed allowed the OPV to be folded and
stretched to up to 50% tensile strain.
Even though the benefit of this approach is the ability to preserve the initial properties of
semiconductor materials such as high performance, the major drawback is that it is not applicable
to all materials. Moreover, buckling method is complicated to fabricate and might not be suitable
for large area or mass production.

1.5.2. Molecular Design

Molecular design is one of the common strategies to develop intrinsically stretchable
semiconducting conjugated polymers. It consists of two main approaches as backbone and sidechain engineering. The concept of backbone engineering involves introducing chemical moieties
19

into the polymer backbone to modify its properties, while side-chain engineering is based on the
incorporation of various side-chains onto the polymer backbone (Figure 1.13). These properties
include: backbone planarity, lamellar spacing, π-stacking distances, crystallinity, glass transition
temperature (Tg), chain alignment and interchain interactions.86

Figure 1. 13. Schematic illustration of molecular design strategy for the developments of the
intrinsically stretchable semiconducting polymers: a) backbone approach which involves
introducing soft and flexible blocks into the polymer backbone; b) side-chain approach which is
based on the incorporation of various side-chains onto the polymer backbone, which can be
terminated with X groups (siloxane, amide, urea groups, and others).

Among the different strategies used to enhance the mechanical properties of
semiconducting polymers, the incorporation of soft blocks into the conjugated polymer backbone
is an attractive approach to reduce the crystallinity in solid-state and increase the elongation at
break without affecting the electronic properties.87 The common flexible moieties that have been
reported to improve the mechanical compliance of poly(3-hexyl)thiophene (P3HT) conjugated
polymer are polyethylene (PE),88 amorphous PMA,89 and 2,6-pyridine dicarboxamide (PDCA).90
20

This strategy reduces the glass transition temperature, crystallinity and the elastic modulus which
leads to an increase in stretchability of semiconducting polymers.91
The incorporation of conjugation-break spacers (CBSs) into the polymer backbone and the
effect of broken conjugation of semiconducting polymers have also been studied to influence
molecular interactions between polymer chains in order to improve stretchability. The results
showed an increase in the crack-onset strain without drastically affecting charge transport
mobility.54-94
Another approach to achieve highly stretchable and flexible semiconducting materials is
side-chain engineering which is based on the incorporation of various side-chains onto the polymer
backbone. The introduction of flexible and soft side-chains has found to break the aggregation of
the polymer chains, increase in solubility, backbone planarity, π-π-stacking interactions and
lamellar distances, as well as decrease in crystallinity, Young’s modulus and Tg of semiconducting
polymers. Fundamental studies have been done to investigate the influence of side-chains on the
mechanical properties of semiconducting conjugated polymers, and particularly the length of alkyl
spacers.95 It was found that long branched alkyl side-chains improve the solubility of polymers by
increasing the chains’ degrees of freedom.96,97,98 In most reports, the polymers with a branched
alkyl chain containing a greater number of carbons possessed higher charge mobility over
1 cm2V−1s−1.99 Interestingly, the bigger the distance of the branching position from the polymer
backbone, the smaller the intermolecular π-π-stacking distances which results in high charge
mobility.100 This strategy has been previously reported in the literature using such side-chains such
as siloxane,101,102 poly(butyl acrylate) (PBA),103 amide-containing side-chains and others.86 The
incorporation of these side-chains onto the polymer backbone enhances charge transport mobility
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of thin film transistors reaching the value of more than 1.0 cm2 V-1 s-1 even upon
stretching/releasing cycles.
Even though this approach is promising for the fabrication of stretchable electronic
materials, it has some challenges including high expenses, being time-consuming, and difficulty
in processing. Therefore, the physical blending approach has attracted the attention of researchers
to achieve highly stretchable and conductive devices.

1.5.3. Physical Blending Between Conjugated Polymer and Soft Elastomers

Physical blending is an attractive way to control polymer morphology and enhance
mechanical compliance without affecting electronic performance. Phase separation plays a critical
role in the performance of organic electronic devices. Semiconducting polymer blends are
promising active layers in OFETs due to their solution-processability, high charge-carrier
mobilities, good film formation capability, as well as the ability to tune their mechanical properties.
It has been shown that phase separation strongly affects electronic properties of semiconducting
polymers by inducing the confinement effect of polymer chains upon blending.104–107 The
fabrication of semiconducting polymer nanowires (NWs) for enhancing device performance has
been previously reported.36,62–66,112
However, phase separation is a very complex phenomenon and is highly dependent on
many factors such as solvent evaporation rate, the solubility parameters, solvent effect, the filmsubstrate interactions, the surface free energy of each component and the film thickness.113 The
factors are also interrelated. The phase separation via physical blending of semiconducting
polymers and soft elastomers induces the confinement effect which is defined as a formation of
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polymer nanofibers inside an elastomer matrix. As the film thickness increases, the confinement
effect becomes weaker and the affinity between the substrate and film becomes the dominant cause
of phase separation.114
Numerous thermodynamic and kinetic studies have been done to obtain a more complete
picture of the phase separation phenomenon.115 The first thermodynamic model of polymer blends
was developed by Flory and Huggins in 1940’s. Flory-Huggins theory explains how the Gibb’s
free energy of mixing can predict certain aspects of phase separation.116,117 The second theory is
Cahn-Hilliard theory which deals with the dynamics of phase separation.
Briefly, the Flory-Huggins model is derived from a polymer-solvent system where the
Gibb’s free energy of mixing (ΔGm) is dependent on enthalpy of mixing (ΔHm), temperature (T)
and entropy of mixing (ΔSm). If ΔGm<0 then the enthalpic interactions between two species is
favourable and the two components become miscible (homogeneous, one phase). If ΔGm>0 then
mixing is unfavourable which leads to immiscibility of species (heterogeneous, two phases)116,117.
The Flory-Huggins model has also been applied to two-polymer systems.

Figure 1. 14. Schematic illustrations of different spin-casted films: (a) vertically phase separated
(bilayer); (b) laterally phase-separated.

There are two main types of phase separation between polymer blends: vertical phase
separation and lateral phase separation. Vertical phase separation is defined as one phase being in
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contact with a surface while lateral phase separation occurs when both phases are in contact with
a surface (Figure 1.14.).118
Laterally phase-separated films are usually formed from vertically phase-separated films.
In the first stage the spin-coasted film undergoes vertical phase separation into a bilayer. In the
second step the bilayer is distorted which is potentially caused by the solvent evaporation from the
top surface, leading to the formation of a laterally phase-separated film. Varying the evaporation
rate during spin-coating allows one to control the final phase separation to be either vertical or
lateral.118–120,121 Laterally phase-separated polymer blends are demonstrated to be efficient for
different organic electronic devices.122,119,120,123
Vertical phase separation in polymer blends and its role in improving the performance of
organic electronic devices has attracted much attention among researchers.124,125,126 The use of
vertical phase separation was demonstrated by depositing a P3HT and poly(methylmethacrylate)
(PMMA) blend on a bare silicon substrate.127 The reason for vertical separation to occur is
preferential affinity of the relatively hydrophilic PMMA component of the blend to the hydrophilic
substrate such as a bare silicon wafer or silicon-oxide (SiO2) resulting in a perfect P3HT-top and
PMMA-bottom bilayer structure. Interestingly, the polymer blend showed better field-effect
transistor performance of 0.002 cm2V−1s−1 with a threshold voltage of -6.0V compared to a pureP3HT film with a charge-carrier mobility of 0.0005 cm2V−1s−1 and a threshold voltage of 29.7V.
The effect of the vertical phase separation on the electronic properties of conjugated
polymers has been widely studied for organic field-effect transistor applications.128,129,130
Moreover, vertical phase separation between polymer blends is a potential method to improve
performance
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thermal annealing137–139,140,141, vapor annealing142,143 and surface modification144.
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effect133,98,136,

The development of soft elastomer-conjugated polymer blends has shown to be a
promising approach towards stretchable electronic materials. The challenge is to maintain the
excellent charge transport characteristics of conjugated polymers while improving their
mechanical properties. Recently, various elastomeric materials were added to control different
properties of polymers such as backbone planarity, crystallinity, and morphology in the solid-state
in order to improve their electronic and mechanical properties.145
The most common elastomers among various additives are high molecular weight PDMS,
poly(styrene) (PS),146 and poly(styrene-ethylene-butylene-styrene) (SEBS) have shown great
results in achieving both high charge transport and good mechanical compliance. In 2015, Jeong
et al. reported a blended system between P3HT and SEBS which was spin-coated onto the
elastomeric substrate (PDMS). During spin-coating process, the P3HT nanofibers were phaseseparated and spread out inside the SEBS matrix. The formation of semiconducting polymer
nanowires is induced by phase separation between polymer elastomer components which result in
an enhanced mechanical properties without affecting electronic performance of the fabricated
devices.80,113,147-148
Another example of this approach has been reported by Bao et al. in 2017 which became a
breakthrough in the field of stretchable electronics.110 During blending, high charge-carrier
mobility diketopyrrolopyrrole (DPP)-based conjugated polymers formed nanofibrils inside a soft
and deformable elastomer, (SEBS), so called nanoconfinement effect (Figure 1.15a). The
formation of polymer nanofibers inside a soft elastomer matrix was characterized by AFM and is
illustrated in Figure 1.15c. The study shows that 70 wt.% of SEBS provides the highest mobility
at 100% strain (a maximum value of 1.32 cm2 V−1 s−1) which is a three orders of magnitude
improvement compared to the neat film of the conjugated polymer. Good charge transport is
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maintained due to the connectivity between the polymer nanofibrils while soft elastomer prevents
crack propagation.

Figure 1. 15. a) Chemical structures of semiconducting polymer poly(2,5-bis(2-octyldodecyl)-3,6di(thiophen-2-yl)diketopyrrolo[3,4-c]pyrrole-1,4-dione-alt-thieno[3,2-b]thiophen)

(DPPT-TT)

and SEBS elastomer. A 3D schematic of the desired morphology composed of embedded polymer
nanofibrils in elastomer matrix to achieve nanoconfinement effect; b) A 3D illustration of the
morphology of the polymer/elastomer blend; AFM phase images of the top and bottom interfaces
of the blended film with 70 wt.% of SEBS. Adapted with permission from Ref. 110. Copyright
2017 The American Association for the Advancement of Science.

Reichmanis and coworkers showed a similar effect by blending poly-3-hexylthiophene
(P3HT) with PDMS, resulting in highly stretchable devices.109,111,149 These examples show the
great potential of elastomeric additives to control and tune the solid-state morphology of
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conjugated polymers. However, elastomer additives act as insulating materials which can
potentially decrease the performance of large-scale fabricated devices. Therefore, various solvents
and low molecular weight additives are used to enhance solid-state morphology and improve
electronic properties.150 One of the examples using solvent-additive was reported by Jeong et al.
in 2018.97 It was found that particular solvent blends increase intra- and interchain π-π interactions
that facilitate the self-assembly of P3HT polymer chains, enhancing charge transport properties.
Different co-solvent systems such as dichlorobenzene (DCB, boiling point 180 °C) with
chloroform (CHCl3, boiling point 61 °C) and acetonitrile (MeAN, boiling point81 °C) with
chloroform were used to promote the favourable self-assembly of π-conjugated polymer chains.
The solvent blend system with P3HT polymer results in enhanced charge transport in P3HT
organic OFET devices from 0.017 cm2 V−1 s−1 to 0.082 cm2 V−1 s−1 for DCB at 5 vol % and 0.044
cm2 V−1 s−1 for acetonitrile (MeAN) at 2 vol % compared to the system without any solvent
additive.

1.6.

Scope of Thesis

There have been various DPP-based polymer blended systems reported in the literature
using different solvent additives151,152 and high molecular weight elastomeric materials111,112,114
which showed impressive results, however, the incorporation of the large amount of insulating
materials and additive can potentially influence the performance and stability of the fabricated
OFET devices, especially in the large-scale production of the electronic devices.
Branched polyethylene (BPE) additive can be a promising candidate to enhance electronic
and mechanical properties of semiconducting polymers due to its unique feature of being volatile
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which allows a complete removal of the insulating material upon thermal annealing. The chemical
structure of BPE is illustrated in Figure 1.16. Additionally, BPE additive was selected due to such
factors as being non-toxic, low cost, low boiling point (135°C), molecular weight (500Da) and
potential use for large-scale fabrication of OFETs. Most importantly, the aim is to strongly
promote the phase separation and confinement of the semiconducting polymer to maintain stable
charge transport mobility even at high amount of BPE added. Moreover, the effect of BPE additive
on the mechanical properties of semiconducting polymers will also be investigated.

Figure 1. 16. Chemical structure of branched polyethylene

Our intended purpose is to design a novel blended system between high charge carrier
mobility DPP-based conjugated polymer and BPE in order to probe the influence of BPE additive
on the electronic and mechanical properties of semiconducting polymer. Over the course of this
thesis, the effect of BPE additive on the electronic and mechanical properties of DPP-based
conjugated polymer is investigated by various characterization techniques, including X-ray
diffraction, UV-Vis spectroscopy and atomic force microscopy (AFM), Grazing-Incidence X-ray
Diffraction (GIXRD) and OFET device fabrication
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CHAPTER

II.

EXPERIMENTAL

PROCEDURE

AND

CHARACTERIZATION

METHODS

2.1. Materials

Commercial reactants were used without further purification unless stated otherwise. All
the solvents used in these reactions were distilled prior to use. Low molecular-weight branched
polyethyene (BPE, ~ 500 Da) was purchased from PolyAnalytik (London, Ontario) and used as it
is.Tris(dibenzylideneacetone)dipalladium(0)-chloroform

(Pd2(dba)3•CHCl3)

adduct

was

purchased from Sigma Aldrich and recrystallized following a reported procedure1. (E)-1,2-bis(5(trimethylstannyl)thiophen-2-yl)ethene

(TVT),

3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-

decyltetradecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione were synthesized according to
literature2.

2.2. Experimental Procedure

The preparation of the DPP-based conjugated polymer has been performed using
previously

reported

procedure

(Figure

2.1.).3

Briefly,

a

decyltetradecyl-branched

diketopyrrolopyrrole monomer was copolymerized with bis(trimethyltin)thienovinylthiophene via
Stille polymerization4. The resulting polymer was precipitated with methanol, and purified by
Soxhlet extraction with methanol, acetone and hexane, and was collected, precipitated in methanol
and dried under vacuum.
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Figure 2.1. Synthetic pathway towards P(DPPTVT) polymer.

General procedure for Stille polymerization of P(DPPTVT)

A microwave vessel equipped with a stir bar was charged with E)-1,2-bis(5(trimethylstannyl)thiophen-2-yl)ethene (45.78 mg, 0.088 mmol), 3,6-bis(5-bromothiophen-2-yl)2,5-bis(2-decyltetradecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (100 mg, 0.088 mmol),
degassed chlorobenzene (3.5 mL), Pd2(dba)3 (1.6 mg, 0.0017 mmol), and P(o-tolyl)3 (2.4 mg,
0.0078 mmol). The vessel was then immediately sealed with a snap cap and microwave irradiated
under the following conditions with ramping temperature (Microwave Setup: Biotage Microwave
Reactor; Power, 300 W; Temperature and Time, 2 minutes at 100oC, 2 minutes at 120oC, 5 minutes
at 140oC, 5 minutes at 160oC, and 40 minutes at 180oC; Pressure, 17 bar; Stirring, 720). After
completion, the polymer was end-capped with trimethyltin phenyl (21.2 mg, 0.088 mmol) and
bromobenzene (13.8 mg, 0.088 mmol), successively. The reaction was then cooled to room
temperature and dissolved in TCE. This solution was then precipitated in methanol and the solid
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was collected by filtration into a glass thimble. The contents of the thimble were then extracted in
a Soxhlet extractor with methanol, acetone, hexane and finally chlorobenzene. The chlorobenzene
fraction was concentrated and reprecipitated in methanol, followed by filtration and drying under
vacuum. Molecular weight estimated from high temperature GPC: Mn = 41.9 kDa, Mw = 138.1
kDa, PDI = 3.2.

2.3. Sample Preparation

The various polymer blends (3 mg/mL) were prepared by dissolving the conjugated
polymer and branched polyethylene with selected weight ratios in chlorobenzene, at 80⁰C
overnight. The stock solution of branched polyethylene (75 mg) was first prepared in 10 mL of
diethyl ether. According to the selected weight% of BPE required (from 0 to 98 wt. %), a certain
amount of BPE (stock solution) was transferred in a scintillation vial and evaporated. Then, a
specific amount of conjugated polymer was added to the system and stirred overnight in
chlorobenzene at 80⁰C. The obtained solutions were directly spin-coated onto the SiO2 for further
characterization.

2.4. Measurements and Characterization

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 300 MHz
spectrometer. The spectra for all polymers were obtained in deuterated 1,1,2,2-tetrachloroethane
(TCE-d2) at 120 °C. Chemical shifts are given in parts per million (ppm) (Figure A1). Number
average molecular weight (Mn), weight average molecular weight (Mw), and polydispersity index
(PDI) were evaluated by high temperature size exclusion chromatography (SEC) using 1,2,449

trichlorobenzene and performed on a EcoSEC HLC-8321GPC/HT (Tosoh Bioscience,
PolyAnalytik) equipped with a single TSKgel GPC column (GMHHR-H; 300 mm × 7.8 mm)
calibrated with monodisperse polystyrene standards. UV Visible spectroscopy was performed on
a Varian UV/Visible Cary 50 spectrophotometer. The surface structure of polymer film was
obtained using a Multimode atomic force microscope (AFM, Digital Instruments) operated in the
tapping mode at room temperature. Images were collected using Nanoscope 6 software and
processed using WSxM 5.0 Develop 8.0 software. Grazing incidence X-ray diffraction (GIXRD)
was performed at the Canadian Light source at beamline HXMA. The X-ray wavelength was
0.9758 Å or a beam energy of 12.7 keV. The incidence angle of X-ray was set at 0.12. The sample
to detector distance is about 150 mm. Numerical integration of the diffraction peak areas was
performed using the software fit2d. All measurements were conducted using a Keithley 4200
semiconductor parameter analyzer (Keithley Instruments Inc.) under dry N2 (glovebox) and
ambient atmosphere at room temperature. X-Ray diffraction was performed on a Proto AXRD
Benchtop Powder Diffractometer with a Cu source (λ = 1.5406 Å). The chemical topographies of
the polymer films were mapped using a Bruker Anasys nanoIR3 equipped with a Daylight
Solutions MIRcat-QT IR laser and Anasys PR-EX-TnIR-A cantilever tip. A wavelength of 1664
cm-1 was used to measure relative wavelength absorption of the DPP domains and 5 μm2 images
were collected using Analysis Studio software at a scan rate of 0.5 Hz using a 512 x 512 points
raster resolution.
2.4.1. FET Device Fabrication and Characterization

FET devices were fabricated on highly doped n-type Si(100) wafer with a 300 nm thick
SiO2 functionalized with an n-octadecyltrimethoxysilane (OTS) self-assembled monolayer,
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according to the reported method5. Before spin-coating the active layers, the OTS-treated substrate
was washed with toluene, acetone and isopropyl alcohol, and then dried with nitrogen before use.
The organic semiconductor thin films were spin-cast on the OTS-treated substrates and controlled
the thickness at ~40 nm from prepared polymer solutions in chlorobenzene (3 mg mL−1). The
thermal annealing process was carried out inside a N2-filled glove box. For thermal annealing at
100°C and 170°C, films were directly heated on a hot plate for 1 hour. For the as-prepared films,
samples were left to dry at ambient temperature after spincoating before being introduced and
tested in a N2-filled glove box. A top-contact gold electrode (70 nm) was subsequently deposited
by evaporation through a shadow mask with a channel length (L) and width (W) defined as 50 and
1000 μm, respectively. All the measurements of the transistor memories were conducted using a
Keithley 4200-SCS semiconductor parameter analyzer (Keithley Instruments Inc., Cleveland, OH,
USA) in an N2- filled glove box at room temperature.

2.4.2. Film-on-water (FOW) procedure

To perform the stretching tests for P(DPPTVT)/BPE blend, the blend solutions with certain
weight percentage of BPE were spin-coated onto the polystyrene sulfonate (PSS) glass slide. The
concentration of PSS solution is 50mg in 1ml of DH2O. Poly(dimethylsiloxane) (PDMS) was
chosen as the elastomer substrate for all FOW experiments. The PDMS was mixed at a base to
crosslinker ratio of 20:1 and allowed to cure in the oven at 60⁰C for 24 h before use in any
experiment. After curing the PDMS was cut into rectangular strips (l = 3 cm, w = 0.5 cm, h = 0.1
cm) and place onto the spin-coated P(DPPTVT)/BPE blend on the PSS glass slide. By floating the
specimen on the water surface led to the penetration of water into the PSS layer. Consequently,
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the PSS layer was dissolved and the active layer was delaminated from the glass substrate, attached
to the PDMS-slide (Figure 2.2.)6. The obtained polymer thin blends were stretched to a certain
percent strain and transferred back on silicon wafer for further characterization.

Figure 2.2. A schematic illustration of preparing a DPP-based polymer/BPE thin film under
strain through film-on-water (FOW) method.

2.4.3. Atomic Force Microscopy (AFM)

AFM has become an essential tool in various areas of interest in materials chemistry. It is
mainly used to look at the topography of materials with a high resolution down to nanometer scale.7
AFM operates by using a probe, which consists of a cantilever and tip, to scan the surface of the
sample. The sharp tip, attached to the end of the cantilever, is brought into close contact with a
surface and scanned line-by-line over a sample (Figure 2.3.).8,9 The motion of the tip as it scans
along the surface is monitored via a laser beam reflected off the cantilever, which records the
deflection of the cantilever. Depending on the nature of the tip’s motion, AFM can operate in
contact, non-contact, and tapping modes.10 Moreover, AFM also permits the determination of the
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root mean square roughness (Rq or RMS) of the surface. It provides the mean squared absolute
values of the surface roughness profile which is more sensitive to peaks and valleys than the
average roughness (Ra).11

Figure 2.3. Schematic illustration of a typical AFM set up.11

2.4.4. Grazing Incidence X-Ray Diffraction (GIXRD)

GIXRD is a powerful surface sensitive technique which can be used to study
semiconducting polymer thin films. The incident X-ray beam strikes a sample at a small angle
(less than a specific critical angle) in order to undergo a total reflection which avoids scattering
from the substrate.12 The reflected beam is detected by a 2-dimentional (2D) detector to determine
the backbone orientation in thin films. There are two main types of semiconducting polymer
orientations: edge-on and face-on which are illustrated in Figure 2.4a using P3HT polymer as an
example. The edge-on orientation involves the lamellar side-chains wetting the interfaces, which
means the lamellar stacking is vertical ((100) diffraction peak along qz axis), and π-π-stacking is
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then in-plane which gives a rise in (010) diffraction peak along the qxy axis (Figure 2.4b). The
face-on orientation involves the aromatic rings facing the substrate, which means the π-π-stacking
is in the vertical direction and a (101) diffraction peak appears along qz), while the lamellar
stacking is in-plane ((100) peak along qxy) (Figure 2.4c).13

Figure 2.4. a) Representation of edge-on and face-on orientations of the P3HT backbone
semiconducting polymer with respect to the substrate surface; schematic illustration of the typical
2D GIXRD pattern which corresponds to b) edge-on orientation and c) face-on orientation.
Adapted with permission from Ref. 13. Copyright 2015 Elsevier.
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2.4.5. Dichroic Ratio Measurements

The influence of BPE on mechanical properties of DPP-based polymer has been
investigated using the UV-vis spectroscopy with a polarizer in parallel and perpendicular
directions to the strain. Dichroic ratio is used to get an insight on the chain alignment, induced by
strain, of polymer chains at different weight percentage of BPE. Schematic diagram of polarized
UV-vis characterization on stretched polymer blend films is illustrated in Figure 2.5. A dichroic
ratio equals to around 1 at 0% strain meaning that the degree of alignment is nearly isotropic. The
value of dichroic ratio is expected to steadily increase upon strain before cracks are formed.

Figure 2.5. Schematic diagram of polarized UV-vis characterization on stretched polymer blend
films with the polarization direction of light a) parallel and b) perpendicular to the stretching
direction.

2.4.6. Crack onset strain

Crack on-set strain was measured using active polymer blend thin films on PDMS stripes
obtained from FOW method. Each film, with a specific weight ratio of BPE additive, was stretched
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to a certain percent strain increasing it by 5% each time before cracks start to propagate. Stretching
the polymer thin films on PDMS substrate is followed by transferring them onto the SiO 2-wafers
to monitor the formation of cracks by the optical microscope.

2.4.7. Film-on-Water (FOW) Tensile Pull Test

The BPE/ P(DPPTVT) polymer blends (3 mg/mL) were prepared and spin-casted on prime
Si wafers pre-coated with poly(sodium 4-styrenesulfonate) (PSS) as a sacrificial layer. The
samples were then tightly bonded to PDMS pads through van der Waals forces. The samples were
immerged in a water bath to dissolve the PSS layer and float the film. The floated thin films were
directly used for tensile pull test at a strain rate of 2 x 10-4 sec-1 to obtain stress-strain curves. The
elastic modulus of a film (E) is calculated as a slope of the curve in the linear, elastic zone. The
detailed tensile stage set-up can be found in previous reports.6,7
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CHAPTER

III.

MORPHOLOGY

AND

ELECTRONIC

PROPERTIES

OF

SEMICONDUCTING POLYMER AND BRANCHED POLYETHYLENE BLENDS

3.1. Introduction

Organic semiconductors, particularly π-conjugated polymers, are a class of materials
widely utilized for the development of new organic electronic devices, especially promising for
the fabrication of the next generation of flexible, and stretchable devices.1–5 In fact, since the
discovery by MacDiarmid, Shirakawa and Heeger, conjugated polymers have shown great promise
in organic electronics as semiconducting materials in organic field-effect transistors (OFETs), and
as light absorbing materials in organic photovoltaics (OPVs) mainly due to their good electronic
properties, easy processing via solution-based methods, synthetic versatility, and potential for
large-scale production.6–9 Since the last decade, research on new π-conjugated materials with
constantly improved properties has intensified leading to new materials with carrier mobility of
>10 cm2V-1s-1, and OPV devices with power conversions exceeding 10%.10–12 Many novel
chemical designs have been developed to enhance the electronic and mechanical properties of
conjugated polymers.13,14 Among others, backbone rational design and side-chain engineering
have showed great promise for tuning various properties, including backbone planarity, bandgap,
and crystallinity, which have a direct influence on the resulting properties of π-conjugated
materials.15–18 Despite these major advancements, rational control on the polymer morphology in
the solid-state is a parameter still difficult to predict and significantly impairs electronic and
mechanical properties.
Recently, various solvent additives have been shown to improve domain purity and
enhance the morphology on conjugated polymers in the solid-state.19,20 Among these, diiodoctane
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(DIO) is one of the most used additives, leading to a drastic improvement in efficiency by
promoting an increased aggregation and improving charge transport.21 In OFETs, different
materials and additives have also been developed and used to control the solid-state
morphology.22,23 Pioneered by Reichmanis and coworkers, the blending of conjugated polymers
with high molecular weight elastomeric materials, often based on poly(dimethylsiloxane) (PDMS)
or poly(styrene) (PS), have showed impressive results for the enhancement of both charge
transport and mechanical compliance through the confinement of the conjugated polymer
chains.24,25 This innovative approach was shown to be particularly effective for the design of highly
stretchable and deformable devices and also demonstrated the great potential of solvent and
elastomeric additives for the control and tuning of the solid-state morphology of conjugated
polymers.26–28 However, the large incorporation of insulating materials and additives can
potentially decrease the overall efficiency of the devices and long-term stability. The impossibility
of removing those additives completely after thermal treatment can also be a major issue during
fabrication.29 Moreover, several challenges remain to be addressed in order to expand the
utilization of conjugated polymers for large-scale production of electronics and develop more
efficient functional devices.30,31 Among others, the amount of active materials needed and their
cost, combined with the important quantity of chlorinated solvent often used in large-scale
deposition are limitations that need to be considered and improved.32,33 Therefore, many new
techniques have been developed to reduce the production costs of organic electronics while
maintaining the performance of electronic devices.34
Herein, we report the blending of a low molecular weight branched polyethylene (BPE)
with a high charge carrier mobility DPP-based conjugated polymer for the fine tuning of the
morphology in the solid-state (Figure 3.1).
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Figure 3.1. Blending of low molecular weight branched polyethylene (BPE) with a DPP-based
polymer for fine-tuning of the solid-state morphology.

The high charge carrier mobility polymer was blended with different weight ratios of BPE
additive, from 0 to 90 wt.%. The resulting thin films were characterized by various techniques,
including UV-Vis spectroscopy, atomic force microscopy (AFM), and X-ray diffraction (XRD) in
order to probe the influence of the BPE on the nanoscale morphology before and after removal of
the additive. Interestingly, the new BPE additive promoted aggregation of the π-conjugated
polymer in thin films, while also being volatile due to its low molecular weight. This unique feature
allowed for a complete removal of the additives upon thermal annealing without drastically
affecting the aggregation promoted by the physical blending. Moreover, the new blended systems
were utilized for the fabrication of OFET devices. The resulting devices were shown not to be
significantly affected by the addition of the insulating additive before and after its removal by
thermal annealing. Interestingly, the devices without annealing showed a decent average mobility
of around 0.3 cm2V−1s−1, even when 90% of the blend was prepared with BPE. This new strategy
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is particularly promising for the large-scale fabrication of OFETs with minimal utilization of
semiconducting polymers, and for the control of the solid-state morphology with non-toxic
materials and additives.

3.2. Results and Discussion

To investigate the blending of conjugated polymers with the BPE additive, a polydiketopyrrolopyrrole-co-thienovinylthiophene

(DPPTVT)

copolymer

was

selected

as

semiconducting material since this conjugated polymer previously showed good charge mobility
in OFETs and good mechanical compliance.10,35 The preparation of the DPP-based conjugated
polymer has been performed using a previously reported procedure.17 Briefly, a decyltetradecylbranched

diketopyrrolopyrrole

monomer

was

copolymerized

with

bis(trimethyltin)thienovinylthiophene via Stille polymerization.36 The resulting polymer was
precipitated with methanol, and purified by Soxhlet extraction with methanol, acetone and hexane,
and was collected, precipitated in methanol and dried under vacuum.
In order to promote aggregation and fine-tuning of the morphology in the solid state, the
polyethylene-based additive was selected due to many factors. First, the preparation of
polyethylene is well-established and can be performed in large scale, and low costs.37 Since the
thermal removal of the additive can be a potential issue for the final stability and performance of
the resulting materials, the branched PE derivative was designed to minimize the boiling point and
to maximize phase separation (confinement of the semiconducting polymer) in the solid-state. In
comparison to its linear counterpart, a branched polyethylene with a more important hydrodynamic
volume can allow for a phase separation when blended to a conjugated polymer, while maintaining
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a low boiling point and good solubility. Moreover, BPE has been shown to be non-toxic, which
represents an important advantage over current additives used to fine-tune the morphology of
conjugated polymers in the solid state, and solvents used to process those materials in large
scale.38,39 Therefore, a branched polyethylene derivative with a molecular weight of 500 Da and a
boiling point of 135°C was used (Figure A2). Interestingly, the materials showed a low viscosity,
facilitating the processing and blending with the DPP-based conjugated polymer. The structure of
the selected DPP-based polymers and branched PE additive are shown on Figure 3.2.a-b.
To investigate the influence of BPE on the electronic and physical properties of
P(DPPTVT) in thin films, materials were mixed in various ratios, ranging from 0 to 90 wt.% of
BPE and P(DPPTVT). The resulting BPE/DPP-based polymer blends were first characterized by
UV-Vis spectroscopy to get insight on the aggregation behavior and optical properties, and the
results are summarized on Figure 3.2.c-d and A3. As expected, the different blends exhibited two
distinct absorption bands in thin films, with an absorption band at 450 nm, attributed to the π-π*
transition. This transition was not impacted by the addition of BPE. Furthermore, for all polymer
blends, a broad band centered at 700 nm was observed, attributed to the intramolecular donoracceptor charge transfer of the conjugated polymers, and showed two vibrational peaks (0-0 and
0-1).40
Interestingly, the intensity of the 0-0 peak gradually increased upon the addition of BPE.
Previously observed for other π-conjugated polymer blend systems, this finding indicates that an
increased incorporation of BPE forces the conjugated polymer chains to aggregate strongly,
potentially due to phase separation.20,41 Since BPE is volatile and can be removed by a mild
thermal annealing (170°C), the UV-Vis spectra of the different blends were also recorded after
removal of the additive (Figure 3.2.d and A3).
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Figure 3.2. a) Chemical structure of P(DPPTVT) conjugated polymer; b) chemical structure of
branched polyethylene (BPE) utilized in polymer blends; c) UV-Vis spectra of P(DPPTVT)
blended with 0 wt.% to 90 wt.% BPE (thin films) before thermal annealing, and d) UV-Vis spectra
of P(DPPTVT) blended with 0 wt.% to 90 wt.% BPE (thin films) after thermal annealing.

Interestingly, despite reducing the aggregation after removal, the conjugated polymers
initially blended with higher amount of BPE still showed an increased intensity of the 0-0 peak.
This observation indicates the conjugated polymers chains are aggregated even after removal of
the BPE. In order to get insight on the importance of the branched architecture on the molecular
aggregation, a control experiment was performed by UV-Vis spectroscopy using a commercially
available linear polyethylene additive (LPE, Mn = 1700 Da) blended with P(DPPTVT). As
observed with BPE, the addition of LPE caused a small change in the 0-0 peak, attributed to the
aggregation of the semiconducting polymer, which progressively increased from 0 to 90 wt.% LPE
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(Figure 3.3.). This result was attributed, similar to the blending of conjugated polymer with BPE,
to the molecular aggregation indicated by phase separation.

Figure 3.3. UV-Vis spectra of P(DPPTVT) blended with 0 wt.% to 90 wt.% LPE (thin films) a)
before thermal annealing, and b) after thermal annealing at 170°C.

As shown on Figure 3.4., molecular aggregation was not significantly affected by a thermal
annealing treatment, which indicated that, in contrast to the BPE additive, LPE that cannot be
removed thermally. It is important to note that the LPE additive used was shown to have a melting
point of 92°C. Upon heating to 200°C, no evaporation of the solid was observed and further heating
led to polymer decomposition.
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Figure 3.4. UV-Vis spectra of conjugated polymer blended with a) 0 wt% LPE and b) 90 wt.%
LPE before and after thermal annealing at 170°C.

Figure 3.5. Atomic force microscopy images (height) of 0, 50, 75 and 90 wt. BPE/P(DPPTVT)
blends, before and after thermal annealing (170°C). Scale bar is 500 nm.
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To further characterize the morphology of the different BPE/conjugated polymer blends in
the solid-state, atomic force microscopy (AFM) was utilized, and the results are summarized in
Figure 3.5 and A4. Before annealing, all the blends showed a relatively smooth surface. However,
upon addition of 50 wt.% of BPE, the formation of nanodomains began to be observed. Upon
increasing the amount of BPE to 75 and 90 wt.%, these phase-separated nanodomains
progressively increased in size, which can be directly related to the increase in aggregation, as
observed by UV-Vis spectroscopy. The surface roughness of the different thin films before
annealing progressively increased upon addition of BPE, which demonstrates an increase in the
aggregation and phase separation in the blends. As shown in Figure A5, both top and bottom
interfaces of the 75 wt.% BPE/conjugated polymer blends were also imaged by AFM to get insight
on the vertical phase separation. This specific ratio was selected due to the obvious phase
separation observed. Interestingly, a significant difference in nanoscale morphology and phase
separation was observed as the top interface showed aggregated domains, while the bottom
interface, i.e. the one in contact with the silicon substrate, showed a much more uniform
morphology with smaller aggregated. This result potentially indicates that phase separation
between the conjugated polymer and the polyethylene derivative phase does not occur uniformly
over the entire thin films, which can potentially be attributed to interfacial effects or a lower
affinity of the BPE for chlorinated solvents. In order to characterize the system after removal of
the BPE, the samples were then subjected to a thermal annealing at 170°C. Interestingly, as
observed by AFM, the large nanodomains resulting from phase separation, observed before
annealing completely disappeared after annealing, indicating a complete or partial removal of the
BPE additive. Furthermore, similar to the trend observed in UV-Vis, the conjugated polymers
initially blended with higher amount of BPE shows an increased surface roughness, which

67

confirms that even after removal of the additive, the polymer chains are strongly aggregated and
possess a different surface morphology than the non-blended P(DPPTVT).
In order to confirm the influence of the BPE additive on the solid-state morphology, AFM
was also performed on a reference system prepared from pure conjugated polymer diluted in
chlorobenzene, and the results are showed in Figures A6 and A7. In contrast to the BPE/DPPbased polymer blends, chlorobenzene did not influence the morphology of the polymer film, which
showed a relatively uniform roughness when diluted. The same trend was also observed after
thermal annealing (removal of the solvent), thus confirming the phase-separation promoted by the
addition of the BPE. In addition, AFM was also performed on LPE/conjugated polymer blends in
order to probe for phase separation at the nanoscale. Results are showed in Figure A8.
Interestingly, the addition of LPE caused a significant change in the solid-state morphology of the
thin films, which went from a smooth surface for the pure conjugated polymer to a fiber-like
morphology upon adding 50 and 90 wt.% of LPE. This phenomenon can be attributed to the phase
separation caused by the addition of LPE, which was also observed with BPE/conjugated polymer
blends to a lesser extent probably due to the difference in molecular weight between BPE and LPE
additives. Interestingly, the morphology remained fairly similar upon thermal annealing, which
confirms that the LPE additive is not removed, in contrast to the BPE additive.
As shown on Figure 3.6., X-ray diffraction (XRD) was used to investigate the solid-state
packing of the blends before and after annealing. To avoid any influence of the quantity of
conjugated polymer on the intensity of scattering, the amount of conjugated polymer remained
constant upon adding more BPE additive.
Similar to previous reports, the as-spun film of P(DPPTVT) showed a clear diffraction
peak at 2θ = ~ 4.2°, which can be attributed to the interlamellar packing of the conjugated polymer
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chains (d-spacing of 21 Å).42,43 Upon addition of BPE, this peak gradually decreased, thus
indicating a progressive reduction in crystallinity (Figure 3.6.a). This result indicates that, despite
favoring aggregation between the polymer chains, BPE act as a plasticizer, thus disrupting the
solid-state morphology and preventing the formation of large crystalline phases.

Figure 3.6. X-ray diffraction spectra (reflectance mode) of P(DPPTVT) blended with 0 to 90 wt.%
BPE a) before thermal annealing and b) after thermal annealing at 170°C. The concentration of
conjugated polymer was kept constant (1.5 mg/mL).

Interestingly, upon removal of the BPE via thermal annealing, the different blends showed
a significant enhancement of their crystallinity, confirmed by the apparition of an intense peak
related to the interlamellar packing (Figure 3.6.b). However, the conjugated polymers initially
blended with more important ratios of BPE (75 and 90 wt.% BPE) still showed a drastically
reduced crystallinity in comparison to the sample initially blended with 0 to 50 wt.% BPE. Finally,
it is important to mention that the absence of diffraction corresponding to π-π distance on thin
films indicates that the polymer chains are potentially adopting an edge-on morphology,
independent of the presence of BPE, which can be ideal for charge-transport in OFET devices.44,45
In order to confirm the orientation in the solid-state, grazing incidence X-Ray scattering (GIXRD)
experiments were performed on 0, 50 and 90 wt.% polymer blends. Results are summarized in
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Figures 3.7. and A9. Interestingly, independent of the ratio of conjugated polymer and BPE, the
materials showed diffraction patterns typical of an edge-on orientation. This result is in good
agreement with the observations from X-ray diffractometry, and indicates that BPE, despite
reducing the film crystallinity, does not impact the molecular orientation in the solid-state, thus
maintaining a good morphology for the charge to percolate in OFETs. It is important to mention
that, the 50% polymer blend showed the most ordered conformation in the thin films, confirmed
by a narrowing of the diffraction peaks (Figure 3.7.). This result is particularly promising for the
large- scale coating of functional substrates with conjugated materials.

Figure 3.7. Wide-angle grazing incident X-Ray diffractogram (GIXRD) of a) P(DPPTVT),
b) P(DPPTVT) + 50 wt.% BPE, and c) P(DPPTVT) + 90 wt.% BPE.
To assess the semiconducting performance of the P(DPPTVT)/BPE blends and to
determine the influence of the additive on the charge carrier mobility, bottom-gate top-contact
organic field-effect transistors (OFETs) were fabricated on highly doped n-type Si(100) with a 300
nm layer of SiO2 functionalized with n-octadecyltrimethoxysilane (OTS).46 The results are
summarized in Table 1, and the detailed fabrication procedure and device characteristics are
detailed in supporting information (Figures A10 and A11). First, considering the relatively low
boiling point of the BPE and its ability to promote aggregation of the conjugated polymer chains,
the semiconducting performance of the different polymer blends were investigated in OFETs
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before thermal annealing. Interestingly, the incorporation of BPE did not affect the charge
mobility, which remained relatively stable from 0 to 90 wt.% BPE. Independently of the amount
of BPE added to the conjugated polymer, which was shown to cause a reduction in crystallinity
and promotion of chain aggregation, the charge mobility remained around 0.3 cm2V−1s−1, which
represents a decent value for non-annealed devices, and confirms that addition of BPE can be an
interesting alternative for the large-scale fabrication of OFETs with non-toxic additives. This result
also indicates that the formation of aggregated phases in the BPE/conjugated polymer blends is
enough to allow for the charges to efficiently percolate, which is in good agreement with previous
reports that concluded that amorphous semiconducting materials can still possess a good charge
mobility as the conformational order in aggregates can be enough to allow for charge
percolation.47–49

Table 3.1. Average and maximum hole mobility (μhave, μhmax), threshold voltages (Vth), Ion/Ioff, and
ratios for OFETs fabricated from polymer blends of 0 wt.% to 90 wt.% BPE before and after
thermal annealing. The device performances were averaged from 12 devices, from three different
batches. Thickness was evaluated by profilometry.

Sample
0 wt.% BPE
50 wt.% BPE
75 wt.% BPE
90 wt.% BPE

Annealing
Temperature
[°C]
as cast
170
as cast
170
as cast
170
as cast
170

W/L
20
20
20
20

Thickness
(nm)
25.8

ave

μh

2

max

/ μh

-1 -1

[cm V s ]
0.27±0.04/0.50

ave

ION/IOFF
6

-0.1±4.90

6

-9.8±4.04

5

-1.9±4.82

6

-3.5±6.87

6

-1.8±4.10

6

-2.6±5.24

5

-5.8±2.52

6

-2.6±4.41

10

30.8

0.75±0.16/0.97

10

34.1

0.33±0.09/0.52

10

29.6

0.64±0.09/0.89

10

33.1

0.32±0.08/0.47

10

30.7

0.79±0.09/1.04

10

29.5

0.29±0.10/0.46

10

33.2

0.53±0.10/0.84

10
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ave

Vth
[V]

It is also important to mention that all samples had a similar thickness around 30 nm.
Interestingly, all threshold voltages were shown to be below -5.0 V, except for the 0 wt.%
BPE/PDPPTVT sample annealed at 170 °C, which showed a threshold voltage of -9.8 V. This
slightly increased value was attributed to the higher crystallinity of the sample after thermal
annealing, potentially increasing grain boundaries and resulting in an increased threshold voltage.
Similar to the trend observed with the threshold voltages, film thickness did not have a significant
effect on on/off currents (105-106).
Following the investigation of the semiconducting performance of the different blends
before annealing, the thin films were thermally annealed at 170°C for 30 min. to remove the BPE
additive. As a result, the charge carrier mobility increased for all blends upon thermal annealing,
going from 0.3 cm2V−1s−1 to as high as 1.0 cm2V−1s−1 (75 wt.% BPE/DPP-based polymer). This
phenomenon indicates that the removal of the BPE additive, combined with a thermal annealing,
induces an increase in crystallinity, thus promoting charge transport in OFETs. This is also in good
agreement with the results obtained by AFM and PXRD, which clearly showed an increase in
crystallinity upon thermal annealing of the different polymer blends. However, it is important to
mention that despite having an increased crystallinity, the blends are still much less crystalline
than the pure conjugated polymer system, which showed an average charge carrier mobility of
0.75 cm2V−1s−1 s after thermal annealing. Semiconducting performance of P(DPPTVT)/LPE
blends were also evaluated as reference, and results are summarized in Figures A12. In contrast to
the trend observed for the incorporation of BPE, the addition of a linear polyethylene derivative
significantly affected the charge mobility, which gradually decreased upon addition of 50 to 98
wt.% LPE. This result can be attributed to the addition of insulating materials in the active layer,
which prevent charge to percolate. In contrast to BPE, the thermal annealing treatment is not
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enough to entirely remove the LPE additive, thus preventing the charge mobility to remain stable
upon adding more LPE.
Previously observed by AFM, XRD and UV-Vis spectroscopy, the BPE additive allows
for an improved aggregation in the solid-state despite decreasing the overall crystallinity of the
conjugated polymer. As observed for other ratios of BPE/conjugated polymers, the aggregation of
the conjugated polymer (evaluated by the intensity of the 0-0 absorption bands centered at around
720 nm) upon addition of 98 wt.% was shown to be increased (Figure 3.8.a). Upon thermal removal
of the BPE, the aggregation was reduced in the system, as also observed with other ratios of BPE
(Figures 3.8.b and A3). This result is another evidence that the formation of aggregated phases in
the BPE/conjugated polymer blends is enough to allow for the charges to efficiently percolate.

Table 3.2. Average and maximum hole mobility (μhave, μhmax), threshold voltages (Vth), Ion/Ioff, and
ratios for OFETs fabricated from diluted solution of various conjugated polymers blended with 98
wt.% BPE before and after thermal annealing. The device performances were averaged from 12
devices, from three different batches. Thickness was evaluated by profilometry.
ave
max
Annealing
ave
μh / μh
Thickness
ave Vth
Sample
Temperature W/L
ION/IOFF
(nm)
2 -1 -1
[V]
[cm V s ]
[°C]
Not determined
Diluted
as cast
P(DPPTVT) in
20
10
103
-3.7
170
0.0047±0.0001/0.0056
chlorobenzene

98 wt.%
BPE/P(DPPTVT)

as cast
170
100

20

33.9

0.047±0.021/0.054

23.6
34.5

0.038±0.006/0.044
0.087±0.051/0.110

73

5

10
105
105

-3.0
-3.1
-2.7

Figure 3.8. UV-Vis spectra of P(DPPTVT) blended with 0 wt.% to 98 wt.% BPE (thin films) a)
before and b) after thermal annealing; c) transfer curves for OFET devices built from P(DPPTVT)
0.05 wt.% in chlorobenzene and 98 wt.% BPE/P(DPPTVT).

Since the BPE additive can help to achieve a better thin film morphology in the solid-state
and can contribute to getting smoother films at lower amount of conjugated polymer, OFETs were
also fabricated with a highly diluted solution of DPP-based polymer with or without BPE additive,
and the results are summarized in Table 3.2, Figure 3.8.c and Figure A13. First, a solution of highly
diluted conjugated polymer was prepared in chlorobenzene (0.05 wt.%) and was used as reference.
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As expected, by using this diluted solution, it was very difficult to achieve a smooth and uniform
thin film, thus leading to very low values of mobility in devices after thermal annealing (μ have =
0.0047 cm2V−1s−1). Interestingly, no working device was measured without annealing, which can
be attributed to poor film quality.
To verify the influence of BPE on the performance of OFETs fabricated out of very diluted
solution of conjugated polymer, a solution of DPP-based polymer blended with 98 wt.% BPE was
prepared and investigated. Overall, all OFETs prepared from this solution showed enhanced
performance in terms of charge transport. To our surprise, devices prepared from non-annealed
film showed decent average mobility of 0.054 cm2V−1s−1, which confirms the significant influence
of BPE on thin film morphology and charge transport. More importantly, the devices prepared
from annealed films at 170 °C and 100 °C showed respectively an average charge mobility of
0.038 and 0.087 cm2V−1s−1, which is one order of magnitude higher than the diluted solution of
pure DPP-based polymer. It is important to mention that the maximum mobility determined for
some devices annealed at 100 °C can reach over 0.1 cm2V−1s−1, which is not only almost two order
of magnitude higher than the diluted solution of pure DPP-based polymer, but also in the same
order of value than devices prepared from pure DPP-based polymer at higher concentration (see
Table 1). As shown in Table A1 and Figure A14 and S15, similar results were obtained upon
blending the BPE additive with polyisoindigo-co-thienovinylthiophene (P(iITVT)), another
commonly used semiconducting polymer in organic electronics.18,50 Analogous to the results
obtained with BPE/DPP-based polymer blends, the blending of BPE with P(iITVT) was shown to
help maintaining a good charge mobility despite a significant reduction of the quantity of
conjugated polymers used as semiconducting layer in OFETs.
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To gain insight into the morphology of the highly diluted blends (98 wt.%), further analysis
was performed by GIXRD (Figures 3.9.a-c). Compared to thin film cast from higher concentration
of DPP-based polymer (Figure 3.7.a), the intensity of the diffraction peaks of the thin film prepared
from the highly-diluted conjugated polymer solution (0.05 wt.% in chlorobenzene) decreased
significantly, which can explain the poor performance in terms of charge transport. As observed
with concentrated samples, all conjugated polymer blended with BPE showed an amorphous
morphology with a drastically decreased crystallinity.

To gain insight into the solid-state

morphology, AFM analysis was also performed for 0.05 wt.% conjugated polymer and 98 wt.%
BPE/conjugated polymer in thin films.

Figure 3.9. Wide-angle grazing incident X-Ray diffractogram (GIXRD) of a) P(DPPTVT) solution
(0.05 wt.% in chlorobenzene) annealed at 1700C, b) P(DPPTVT) blended with 98 wt.% BPE after
thermal annealing at 170 °C, and c) P(DPPTVT) blended with 98 wt.% BPE without thermal
annealing; Atomic force microscopy (AFM) height images of thin films of d) P(DPPTVT) 0.05
wt.% in chlorobenzene, annealed at 170 °C; e) P(DPPTVT) blended with 98 wt.% BPE without
thermal annealing; f) P(DPPTVT) blended with 98 wt.% BPE after annealing at 1700C. Scale bar
is 200 nm.
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As shown in Figures 3.9.d-f and A16-A17, the sample prepared from diluted P(DPPTVT)
after annealing showed a sphere-like structure in a uniform thin film. The addition of BPE additive
at 98 wt.% clearly induced an important aggregation through phase separation. Interestingly, the
dense fibrillar structure formed upon the addition of BPE progressively decreased upon increasing
the annealing temperature (Figures 3.9.e-f), which can indicate the removal of the BPE additive.
This observation confirms the significant influence of the BPE additive on the solid-state
morphology of conjugated polymers and can have a significant potential for the fabrication of
OFET devices by helping to reduce the amount of conjugated polymer required. Moreover, since
the additive is non-toxic and low-boiling point, those results also highlight the potential of this
technique for advanced manufacturing of organic electronics at large-scale.

3.3. Conclusion

In conclusion, this work successfully demonstrated the potential to control and fine-tune
the solid-state morphology of conjugated polymers through the addition of a branched
polyethylene additive. This non-toxic additive, when blended to a diketopyrrolopyrrole-based
conjugated polymer at different ratios (from 0 to 90 wt.%) was shown to promote aggregation,
decrease crystallinity and induce phase separation, as investigated by various characterization
technique. Interestingly, the BPE additive possesses a low boiling point (around 80°C), which
allows for its complete removal by thermal annealing. The resulting thin films of conjugated
polymer were shown to still possess a similar morphology as the non-annealed film, thus
confirming the influence of the BPE on the solid-state morphology, even after its removal. To
verify the potential of this new approach for the fine-tuning of conjugated polymer morphology,
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the resulting polymer blends were directly used to fabricate bottom-gate top-contact organic fieldeffect transistors (OFETs). Interestingly, the devices were shown to have a relatively good charge
mobility before thermal annealing. Independently of the amount of BPE added to the conjugated
polymer, no decrease in charge mobility was observed. More importantly, devices fabricated from
a highly diluted solution of conjugated polymer with BPE (98 wt.%) were shown to maintain good
charge transport properties, in contrast to a diluted solution of pure conjugated polymer. This result
confirmed that BPE is a promising candidate for fine-tuning the solid-state morphology without
sacrificing performance in organic electronics and can have an important impact for the fabrication
of OFETs with lower amounts of conjugated polymer and without the use of toxic additives.
With the rise of flexible and printed electronics, the development of new non-toxic
additives and plasticizers to control the physical and solid-state properties of semiconductors is
particularly desirable. Furthermore, the easy removal of BPE without harsh conditions and its
influence on aggregation and polymer crystallinity, make this additive an interesting candidate for
the large-scale processing of organic semiconductors. The influence of BPE on other properties of
organic semiconductors, such as mechanical compliance, stretchability, and printability will be
further discussed below.
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CHAPTER IV. BRANCHED POLYETHYLENE AS A PLASTICIZING ADDITIVE TO
MODULATE

THE

MECHANICAL

PROPERTIES

OF

MORPHOLOGY

AND

ELECTRONIC PROPERTIES OF π-CONJUGATED POLYMERS

4.1. Introduction

The expanding field of flexible and stretchable organic electronics has driven the
development of soft and stretchable electronic materials with better performance and enhanced
thermophysical properties.1–3 One of the biggest challenges for the design and preparation of
flexible and stretchable electronics is to maintain their good performance while applying physical
and mechanical stimuli as both properties are in competition.4,5 To address this challenge, organic
electronics are particularly promising as their fabrication involves materials that possess both good
electronic and mechanical properties, particularly desirable for the production of new stretchable
electronics.6–9 Particularly, semiconducting π-conjugated polymers are remarkable candidates to
develop stretchable organic electronics.7,10 More specifically, conjugated polymers possess the
advantages of being potentially low-cost, light weight, and easily processable through large-scale
solution deposition, thus providing an interesting route to stretchable electronics.11,12 As a result,
an important scope of research has been focused on the development of novel strategies to enhance
mechanical properties of conjugated polymers while maintaining their good electronic properties
upon stretching.13–15
One common approach to achieve mechanically robust and stretchable conjugated
polymers is through physical blending of the rigid-rod materials with soft elastomeric
materials.16–18 Polydimethylsiloxane (PDMS) has become one of the most commonly used
elastomers for fabricating stretchable devices, being used either as a substrate, dielectric material,
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or as a component of a semiconducting polymer/elastomer blends.19 In recent years, Reichmanis
et al. pioneered the utilization of PDMS with conjugated polymers, reporting an improvement of
both electronic and mechanical properties of the semiconductor.20–22 Interestingly, organic fieldeffect transistor (OFET) devices, using PDMS and Poly(3-hexylthiophene, P3HT) blends as a
semiconducting materials, were fabricated and showed good electronic properties under strain.21
In addition to PDMS, other soft polymers such as poly(styrene) (PS) and polystyrene-blockpoly(ethylene-co-butylene)-block-polystyrene (SEBS) were used to improve charge transport and
mechanical compliance of conjugated polymers.23–25 Despite promising results, the impossibility
of removing the soft polymer from the semiconducting layer upon thermal annealing can
potentially have an effect on the overall performance as a significant amount of insulating material
has to be used. Therefore, additives that can be removed during device fabrication have been
developed recently, and have been shown to enhance the charge transport of conjugated polymers
by promoting aggregation between polymer chains.26,27 Recently reported by Jeong et al., the
utilization of dichlorobenzene (DCB) as a solvent additive in the processing of P3HT for thin film
transistor was shown to be particularly interesting.28 As a result, the charge transport mobility in
OFETs was enhanced from 0.017 cm2V−1s−1 for pure conjugated polymer to 0.082 cm2V−1s−1 with
solvent additive, which was attributed to the influence of the additive on the solid-state
morphology of the conjugated polymer. Despite the promises for control and fine-tuning of thin
film morphology, and potential positive impact on the electronic properties of π-conjugated
materials, the effect of low boiling point additives on the mechanical properties of conjugated
polymers has not been fully evaluated.
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Recently our group reported the blending of a low molecular weight branched polyethylene
(BPE) with a high charge carrier mobility poly(diketopyrrolopyrrole-co-thienovinylthiophene)
P(DPPTVT) conjugated polymer for controlling the morphology in the solid state.29 The new
branched polyethylene/conjugated polymer blends were found to increase aggregation, decrease
crystallinity and maintain good charge transport (hole mobility of 0.3 cm2V−1s−1 in top-contact
bottom-gate OFETs) even though the amount of polymer was reduced to 0.05 wt.%. This result is
especially promising for the large-scale fabrication of organic semiconductors via solution
deposition.
Herein, we report the effect of BPE on the mechanical properties of conjugated polymers
in thin films and its impact on the solid-state morphology of the conjugated polymer. The resulting
thin films were characterized by various techniques, including UV-Vis spectroscopy, atomic force
microscopy (AFM), and X-ray diffraction (XRD) in order to probe the influence of the BPE on
the nanoscale morphology before and after removal of the additive. Based on the obtained results,
BPE was found to act as a plasticizer (Figure 4.1), making the polymer thin films more amorphous,
which is beneficial for mechanical properties. More specifically, the addition of BPE to a rigid
conjugated polymer showed a reduction in crack propagation and crack width upon strain, and a
moderate decrease in Young’s modulus was also observed. The influence of this new additive on
the thermomechanical properties can be attributed to a nanophase separation in the polymer blend,
which helps to reduce the Youngs modulus and crack on-set strain. The BPE additive is, therefore,
particularly promising for the design of stretchable electronic devices and the development of
innovative technologies based on organic polymer blends.
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Figure 4.1. Blending of low molecular weight branched polyethylene (BPE) with a DPP-based
polymer for modulation of the mechanical properties.

4.2. Results and Discussion

To investigate the influence of BPE on the mechanical compliance of conjugated polymers,
a diketopyrrolopyrrole-based (DPP) polymer was directly blended with different weight ratios of
BPE. The preparation of the DPP-based conjugated polymer was performed using a previously
reported procedure.32 Known to typically lead to good charge transport mobility, a DPP-based
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monomer was copolymerized with bis(trimethyltin)thienovinylthiophene (TVT) via Stille
polymerization.33 The resulting polymer was precipitated in methanol, and purified by Soxhlet
extraction with methanol, acetone and hexane, and was collected in chlorobenzene, followed by
precipitation in methanol and vacuum filtration. Among other additives, BPE was selected due to
unique features, which include non-toxicity, low viscosity, and most interestingly, low boiling
point (135 °C) and low molecular weight (500 Da), which allows for the additive to be removed
after thermal annealing. Due to its hyperbranched structure, BPE also strongly promotes molecular
aggregation of the conjugated polymer and phase segregated solid-state morphology. Previously
reported results of organic field-effect transistor characterization of non-annealed BPE/polymer
blends are summarized in Table B1 showing a relatively stable charge transport mobility (average
mobility around 0.3 cm2V−1s−1) independent of the amount of BPE added.29 After annealing, the
annealed devices showed increased charge carrier mobility, going from 0.3 cm2V−1s−1 to as high
as 1.0 cm2V−1s−1 (75 wt.% BPE/DPP-based polymer).29 The OFETs were also fabricated with a
highly diluted solution of DPP-based polymer with or without the BPE additive; interestingly, no
working devices were obtained without annealing for a highly diluted solution of conjugated
polymer (0.05 wt.%) in chlorobenzene which can be attributed to poor film quality. A solution of
DPP-based polymer blended with 98 wt.% BPE showed enhanced performance before thermal
annealing, reaching a charge transport mobility of 0.054 cm2V−1s−1.
In order to investigate the plasticizing effect of BPE, blending with the conjugated polymer
at different weight ratios of BPE additive (0-90 wt.%) was performed. The effect of BPE on the
mechanical properties of conjugated polymers was investigated by lamination of soft
substrates.15,34 Briefly, the blended solutions were spin-coated on top of a glass slide pre-coated
with polystyrene sulfonate (PSS). Then, a PDMS slab was placed on top of the blended materials.
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By dissolving the PSS sacrificial layer with water, the blended film was transferred on PDMS and
the resulting transferred films were directly stretched on PDMS at certain pre-determined strain.
Finally, to help with materials characterization and device fabrication, the stretched thin films were
transferred back onto silicon wafer, functionalized with a monolayer of octadecyltrichlorosilane
(OTS). The complete procedure of lamination of soft substrates is detailed in Supporting
Information (Figure B1).

Figure 4.2. a) Crack on-set strain of P(DPPTVT)/BPE blends containing 0 wt.% and 90 wt.% of
BPE before (left) and after (right) the formation of cracks, as observed by optical microscopy.
Scale bars are 25μm; b) Crack onset strain versus the amount of BPE as determined by optical
microscopy before thermal annealing.

To investigate the influence of BPE on the mechanical properties of P(DPPTVT) at the
micron scale, the crack onset strain before thermal annealing of BPE/polymer blends containing
0-90 wt.% of BPE was measured by optical microscopy. Crack on-set strain is defined as the
minimum strain at which cracks start to propagate at the microscale. As shown in Figure 4.2.a, for
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the blended system containing 0 wt.% BPE micron-scaled cracks are observed at 20% strain, while
incorporation of 90 wt.% BPE to the conjugated polymer led to an increase in crack onset strain,
reaching a maximum of 75% strain, as shown in Figure 4.2.b. Upon progressive addition of BPE
to the conjugated polymer, its tolerance to mechanical stress and crack onset strain at the micron
scale is significantly increased, which can be directly attributed to the effect of BPE on the solidstate morphology and softness of the blend (Figure B2).

Figure 4.3. Atomic force microscopy – Fourier-transform infrared spectroscopy analysis of
polymer blends prepared with a) 25 wt.%, b) 50 wt.%, c)75 wt.%, and d) 90 wt.% of BPE. DPPbased polymer is depicted in red/yellow and BPE is depicted in blue.

Since phase separation is a key parameter for promoting stretchability in conjugated
polymer blends, atomic force microscopy coupled with Fourier-transform infrared spectroscopy
was performed to probe the nanoscale morphology of the blends.35 Samples composed of branched
polyethylene (BPE) and the DPP-based conjugated polymer were measured as a function of DPPbased polymer content. The results are summarized in Figure 4.3, and the parameters used for the
experiment are listed in Table B2. All images were measured on a 5x5 µm scale. As one would
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predict, as the BPE concentration increases in the blends (going from 25 wt.% to 90 wt.%), the
area occupied by the DPP-based polymer (coloured in yellow-red) phase decreases significantly,
and an increase in blue domains, associated to BPE-rich domains, can be observed. This
observation confirms that the addition of BPE causes a phase separation, which ultimately can
impact the mechanical properties of the polymer blends.
In order to fully elucidate the plasticizing effect of BPE before thermal annealing at the
nanoscale, the characterization of BPE/P(DPPTVT) blends containing 0-90 wt.% of BPE under
strain was performed using atomic force microscopy (AFM). Based on the obtained results, upon
incorporation of BPE to the conjugated polymer, the number of cracks and their width has been
drastically decreased. As shown in Figure 4.4, at 0 wt.% BPE (pure conjugated polymer), the thin
film mostly consists of long, large nanoscale cracks. Upon addition of BPE, the nanoscale cracks
significantly decrease in width, independent of the strain applied to the materials. The important
influence of BPE on crack width and propagation indicates that the additive can act as a plasticizer,
improving the mechanical properties of conjugated polymers by reducing their ductility and
helping in stress dissipation. The detailed AFM analysis with height profiles is summarized in
Supporting Information (Figure B3-B7).
Interestingly, at 90 wt.% of BPE, no nanoscale crack was observed at 10% stain. This
finding is also supported by optical microscope observations, resulting in the highest crack onset
strain for 90 wt.% of BPE compared to the other ratios. Moreover, for 90 wt.% BPE/DPP-based
polymer blends stretched at 100% strain elongation, the number of cracks is decreased by
approximately a factor of 10 when compared to the pure P(DPPTVT), as shown in Figure 4.4.c.
Since the BPE additive is easily removed upon thermal treatment, the AFM images of
P(DPPTVT)/BPE blends containing 0 wt.%, 50 wt.% and 90 wt.% at 50% strain were recorded
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after annealing (Figure B8). Based on the observed AFM images, the same trend of increased
stretchability was observed even without the presence of BPE in the final thin film. Finally,
independent of the strain or blending ratio, the addition of BPE promotes a uniform distribution of
smaller cracks as oppose to the native conjugated polymer which showed localized larger cracks.

Figure 4.4. Atomic force microscopy images (height) of BPE/P(DPPTVT) blends containing 0 to
90 wt.% BPE at a) 10, b) 50 and c) 100% strain before thermal annealing.
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Crack width analysis at the nanoscale for different blended systems under strain are
summarized in Figure 4.5. At 25% strain, the crack width was reduced from 1500 nm for
P(DPPTVT) to 300 nm for the 90 wt.% BPE/polymer blended system. Moreover, a thin film of
P(DPPTVT), without introducing any amount of BPE additive, reached a crack width of 3100 nm
at 100% strain, followed by an abrupt decrease to 500 nm upon incorporation of 90 wt.% BPE to
the system. The same trend is observed for BPE/polymer thin film blends at 50% strain.
Interestingly, the blending of the conjugated polymer with various ratios of BPE tends to prevent
crack propagation, as observed in Figure 4.5. In all cases, the crack width remains fairly stable
upon various strains in contrast to the pure conjugated polymer, which undergoes significant crack
propagation and increased nanoscale cracks width.

Figure 4.5. Thin film crack width versus the amount of BPE additive for a) 25 %; b) 50%; c)
75%, and d) 100% strain elongation as determined by atomic force microscopy (AFM).

As demonstrated by AFM analysis and crack on-set results, the BPE additive acts as a
plasticizer and is responsible for the enhancement of the mechanical compliance of conjugated
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polymers. In order to gain insight into the influence of BPE on the stretchability of conjugated
polymers, the degree of polymer chain alignment under strain was measured using polarized UVVis spectroscopy by determining the dichroic ratio. The dichroic ratio is defined as α// / α⊥, where
α// and α⊥ are the absorption of light polarized parallel and perpendicular to the stretching direction,
respectively. A schematic diagram of polarized UV-vis characterization on stretched polymer
blend films is illustrated in Figure B9. The measurements were performed with all the BPE/P(DPPTVT) blending systems at different weight percentages of BPE (from 0 wt.% to 90 wt.%) to
demonstrate the influence of BPE on the chain alignment of conjugated polymers which is critical
for its mechanical properties (Figures B10 to B14). The value of the dichroic ratio is expected to
steadily increase upon chain alignment.36,37 Once cracks are formed, the dichroic ratio becomes
smaller meaning that the chain alignment is disrupted.
For the pure conjugated polymer (0 wt.% BPE), the dichroic ratio increased to 1.9 upon
25% strain, indicating a certain chain alignment (Figure B15.a). However, upon further stress the
dichroic ratio was shown to decrease to 1.3 at 100% strain, which means that the polymer chains
can no longer align past 25% strain. This observation is consistent with the results obtained from
AFM (Figure B5). In comparison, the dichroic ratio of BPE/P(DPPTVT) blends containing 50
wt.% linearly increased up to 2.5 at 100% strain whereas BPE/P(DPPTVT) blended systems
containing 25 wt.% linearly increased to 1.6 as the strain increased to 100% starting to reach a
plateau. (Figure B15.b-c). The best linear trend of dichroic ratio in function of strain was observed
in the blended system of conjugated polymer and 75 wt.% BPE as shown in Figure 10d. Similarly,
the blending system with 90 wt.% BPE showed polymer chain alignment up to 100% strain,
reaching a value of 3. (Figure B15.e). These findings indicate that the conjugated polymer can
withstand 100% strain with aligned chains upon incorporation of BPE to the system.
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As previously reported for polymer blends, the incorporation of the soft component to the
conjugated polymers strongly influence their elasticity.24,25 The effect of the BPE additive on the
elastic modulus of conjugated polymers was studied using a pseudo freestanding thin film tensile
test.38,39

Figure 4.6. Elastic modulus of polymer blends with different weight ratios of BPE additive,
determined by Film-On-Water tensile pull test a) before thermal annealing and b) after thermal
annealing.

The Young’s modulus was first measured for the BPE/polymer blends before thermal
annealing to gain insight into the effect of BPE on the elastic modulus of the conjugated polymer
before it has been removed. The Young’s modulus of the 25 wt.% BPE/P(DPPTVT) blend was
found to be 113.6 MPa, which is three times lower than the elastic modulus of 353.6 MPa for the
pure conjugated polymer before thermal annealing (Figure 4.6.a) It is important to mention that it
was impossible to measure the elastic modulus for the blended system above 25 wt.% BPE in the
conjugated polymer due to the fact that the freestanding thin films are fragile as shown in
Figure B16. The elastic modulus of BPE/conjugated polymer blends was also measured after
thermal annealing. The Young’s modulus of the pure conjugated polymer was found to be 356
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MPa, while the elastic modulus of blended system containing 25 wt.% and 50 wt.% of BPE
decreased to 327.5 MPa and 254 MPa, respectively (Figure 4.6.b). The Young’s modulus was not
measured at 90 wt.% of BPE even after thermal annealing again due to the brittleness of the
freestanding thin films. Interestingly, the Young’s modulus of thin film at 25 w.% of BPE is almost
3 times lower before thermal annealing (112 MPa) comparing to the thermally annealed film
(327.5 MPa), which is another indirect proof of BPE additive removal, and increased crystallinity.
This result indicates that the incorporation of BPE to the blended system reduced the Young’s
modulus of the conjugated polymer even after its removal, which in a good agreement with a
decrease in the crystallinity of BPE/polymer blends.
To further investigate the solid-state morphology of BPE/polymer blends and gain insight
into the thin-films’ crystallinity, grazing incidence wide angle x-ray scattering (GIWAXS)
experiments were performed on 0, 50 and 90 wt.% polymer blends. The results indicate that the
BPE additive is disrupting the solid-state morphology and preventing the formation of large
crystalline phases. The intensities of the diffraction peaks are progressively reduced upon
incorporation of 90 wt.% BPE to the conjugated polymer as shown in Figure B17. Interestingly,
BPE additive, despite reducing the film crystallinity, does not impact the molecular orientation in
the solid-state, thus potentially adopting an edge-on morphology even at 50 wt.% BPE added
(Figure B17.b). This observation confirms the significant influence of the BPE additive on the
morphology of P(DPPTVT) conjugated polymer as well as its potential for the fabrication of
flexible and stretchable OFET devices by acting as a plasticizer to improve mechanical properties
of conjugated polymer. Moreover, since the additive is non-toxic and has a low-boiling point, those
results also highlight the potential of this technique for advanced manufacturing of organic
electronics at large-scale.
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4.3. Conclusion

In conclusion, this study demonstrates a useful way to improve the mechanical properties
of conjugated polymers via physical blending with a branched polyethylene additive.
Incorporation of BPE additive at different ratios was shown to drastically decrease the crystallinity
of a DPP-based conjugated polymer which is beneficial for flexible and stretchable electronic
devices. At the micron scale, the BPE additive acts as plasticizer and significantly reduces the
Young’s modulus of the conjugated polymer (112 MPa at 25 wt.% BPE before thermal annealing)
and largely increases the crack on-set strain, reaching a maximum of 75% strain elongation when
blended with 90 wt.% BPE. The stretchability of BPE/P(DPPTVT) thin films is significantly
improved upon introducing more BPE additive to the system. At the nanoscale, cracks can be
observed at various strains, but the crack width was reduced from 3100 nm to 600 nm at 0 wt.%
and 90 wt.% of BPE, respectively, under 100% strain. The addition of BPE promotes a uniform
distribution of numerous smaller cracks across the thin film compared to the pure conjugated
polymer thin film which showed few localized larger cracks. Interestingly, following the removal
of blended BPE, the thin films showed the same trend with improved stretchability. Additionally,
the BPE additive influence the chain alignment of conjugated polymers, showing chain alignment
of polymer chains even above 100% strain at 90 wt.% BPE while the pure conjugated polymer
stops aligning at 25% strain. With the growth of flexible and stretchable electronics, BPE additive
is a promising candidate to enhance the mechanical properties of conjugated polymers. We believe
that this work will advance the research and development of new flexible and stretchable electronic
devices.
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CHAPTER V

5.1. Conclusion

In summary, DPP-based semiconducting polymer was successfully synthesized and
blended with different weight ratios of low molecular weight BPE additive. BPE additive was
selected due to such factors as being non-toxic, low cost, low boiling point (135°C) and low
molecular weight (500Da). Most importantly, its unique feature of being volatile allows a complete
removal of the insulating material upon thermal annealing which makes it a promising candidate
for large-scale fabrication of OFETs. The incorporation of large amount of BPE additive to the
conjugated polymer strongly promoted molecular aggregation, reduction in crystallinity and a
good charge transport mobility even at 90 wt.% of BPE added. Interestingly, the devices fabricated
from a highly diluted solution of conjugated polymer with BPE (98 wt.%) were shown to maintain
good charge transport properties, in contrast to no working devices obtained for diluted solution
of pure conjugated polymer before thermal annealing. This result confirms the contribution of BPE
additive on the electronic properties of P(DPPTVT) semiconducting polymer. Moreover, a novel
BPE/P(DPPTVT) polymer blend is a promising candidate for the large-scale fabrication of OFET
devices with reduced amount of active material by 90 wt.% and without any presence of insulating
materials, maintaining the same charge transport mobility.
In addition to the characterization of the solid-state morphology and electronic properties
of DPP-based polymer/BPE blends, the investigation of the effect of BPE additive on the
mechanical properties of P(DPPTVT) semiconducting polymer was also performed. Based on the
obtained XRD results, BPE act as a plasticizer, thus preventing the formation of large crystalline
phases which leads to a drastic decrease in crystallinity. Incorporation of 90 wt.% BPE to the
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conjugated polymer led to a drastic increase in crack onset strain reaching the value of 75% strain,
while the crack onset strain of pure conjugated polymer, containing 0 wt.% BPE, is 20% strain.
The improvement of stretchability is shown by the reduction of the crack width under strain as a
result the film consists mostly of numerous small cracks rather than various large cracks.
Overall, the findings confirm that BPE is an effective additive for fine-tuning the solidstate morphology without sacrificing performance in organic electronics and can have an important
impact on the fabrication of OFETs with lower amounts of conjugated polymer and without the
use of toxic additives. Moreover, BPE acts as plasticizer, improving the mechanical properties of
conjugated polymers which is very promising for stretchable and flexible electronic devices.

5.2. Future Work and Perspectives

In moving forward, the next steps of this research are to study the effect of other PE
additives on the electronic and mechanical properties of conjugated polymers and to investigate
the effect of different molecular weights of BPE additive on the morphology and phase separation
of semiconducting polymers. Also, the fabrication of a fully stretchable device will be a great
application in the filed of stretchable and flexible electronics. One of the most important future
steps of this work will involve the use of BPE additive for large-scale printing of OFET devices.
Since BPE additive possesses the advantage of being completely removed upon thermal annealing
it allows to get rid of insulating material in the large-scale fabricated devices, consequently, not
affecting the performance of the fabricated devices.
The field of flexible and stretchable electronic devices has grown considerably in recent
years. We have highlighted the advances and progress including main approaches, design of new
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semiconducting material and their application arears. The development of desired materials with
enhanced electronic and mechanical properties has a promising potential for the fabrication of
large-scaled flexible and stretchable devices. However, a lot of challenges remained to be
addressed in order to fully develop new flexible and stretchable devices using physical blending
approach. Even though physical blending of semiconducting polymers with soft additives has
found to be less time-consuming approach comparing to other strategies, it possesses some
challenges, mainly miscibility of conjugated polymers with additives. Moreover, the phase
separation that occurs during blending is a complex phenomenon that is still not fully studied. It
can be affected by many factors such as solubility issues, solvent evaporation rate, solvent effect,
interactions of the substrate and the polymer film blend, the surface free energy of each component
and the film thickness. The minor obstacle that have been faced working in particular with BPE
additive is impossibility to use characterization techniques containing high vacuum since BPE
additive is very volatile and is being removed under these conditions even before running the
experiments. Additionally, BPE additive has a plasticizing effect on the conjugated polymers,
drastically reducing the crystallinity of polymer blends and making them softer and more
amorphous which in turn makes it harder to obtain AFM images at high weight percentages of
BPE due to the softness of the thin films.
Looking into the future, the field of flexible and stretchable electronics provides
researchers to explore new and interesting concepts. We believe the results included in this thesis
will contribute to the development of novel materials and approaches to conformable electronics,
ultimately helping to make a step forward for novel organic electronic devices to be used in our
daily lives.
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APPENDICES

APPENDIX A. CHAPTER III SUPORTING INFORMATION

Figure A1. 1H NMR spectrum of P(DPPTVT) in TCE-d2 at 120°C

Number-average
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Figure A2. Boiling point of LPE and BPE additives, measured by the capillary tube method.
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a)

0 wt. % BPE
0-1

b)

50 wt. % BPE

0-0
0-1

c)

75 wt. % BPE
0-1

d)

0-0
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0-1

0-0

0-0

Figure A3. UV-Vis spectra of P(DPPTVT) blended with a) 0 wt.% BPE, b) 50 wt.% BPE,
c) 75 wt.% HBPE and d) 90 wt.% BPE before and after thermal annealing for blending systems
(thin films).

Figure A4. Atomic force microscopy images (phase) of 0, 50, 75 and 90 wt. BPE/P(DPPTVT)
blends, before and after thermal annealing (170°C). Scale bar is 400 nm.
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Figure A5. Atomic force microscopy images (height) of the top and bottom interfaces of the
P(DPPTVT) film blended with 75 wt% BPE. Scale bar is 500 nm.

Figure A6. Atomic force microscopy images (height) of 100 to 10 wt.% P(DPPTVT) solution in
chlorobenzene (CB), before and after thermal annealing (200°C). Scale bar is 400 nm.
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Figure A7. Atomic force microscopy images (phase) of 100 to 10 wt.% P(DPPTVT) solution in
chlorobenzene (CB), before and after thermal annealing (200°C). Scale bar is 400 nm.

Figure A8. Atomic force microscopy images (height) of 0, 50 and 90 wt. LPE/P(DPPTVT) blends,
before and after thermal annealing (170°C). Scale bar is 500 nm.
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a)

b)

Figure A9. Wide-angle grazing incident X-Ray diffractogram (GIXRD) of P(DPPTVT) blended
with 0 to 90 wt.% BPE in a) z axis, and b) x-y xis.

Figure A10. Transfer curves for OFET devices built from 0 wt.% BPE to 90 wt.% BPE, before
thermal annealing. Vd = -60V
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Figure A11. Transfer curves for OFET devices built from 0 wt.% BPE to 90 wt.% BPE, after
thermal annealing. Vd = -60V.

Figure A12. Charge mobility of P(DPPTVT) diluted in chlorobenzene after annealing at 170°C
(black curve) and P(DPPTVT) blended with LPE at different ratios (red curve).
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Figure A13. Transfer curves for OFET devices built from a) highly diluted solution of P(DPPTVT)
in chlorobenzene, annealed at 170 °C; b) 98 wt.% BPE, annealed at 100 °C, and c) 98 wt.% BPE
annealed at 170 °C. Vd = -60V.

Figure A14. Charge mobility of P(iITVT) diluted in chlorobenzene after annealing at 170°C (black
curve), P(iITVT) blended with BPE at different ratios (red curve) annealed at 170°C, and P(iITVT)
blended with BPE at different ratios (blue curve) annealed at 100°C.
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Table A1. Average and maximum hole mobility (μhave, μhmax), threshold voltages (Vth), Ion/Ioff, and
ratios for OFETs fabricated from diluted solution of various conjugated polymers blended with 98
wt.% BPE before and after thermal annealing. The device performances were averaged from 12
devices, from three different batches.
Sample

Annealing
Temperature
[°C]

W/L

Diluted P(iTTVT)
in chlorobenzene

as cast
170

20

98 wt.%
BPE/P(iTTVT)

170
100

20

Thickness
(nm)

ave

μh

2

max

/ μh

-1 -1

[cm V s ]

ave
ION/IOFF

ave

Vth
[V]

Not determined
Not determined
13.4
28.5

0.0063±0.0015/0.0087
0.0084±0.0008/0.0095

3

-44.97

3

-41.32

10
10

Figure A15. Transfer curves for OFET devices built from pure P(iITVT) annealed at 170°C (black
curve), 0.05 wt.% P(iITVT) in chlorobenzene annealed at 170°C (red curve), 98 wt.%
BPE/P(iITVT) after thermal annealing at 170°C, 98 wt.% BPE/P(iITVT) after thermal annealing
at 100°C.
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a)

c)

b)

d)

Figure A16. Atomic force microscopy height images of thin film of P(DPPTVT) a) 2 wt.% solution
in chlorobenzene; b) blended with 98 wt.% BPE without annealing, c) blended with 98 wt.% BPE
after annealing at 100 °C, and d) blended with 98 wt.% BPE after annealing at 170 °C.
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a)

b)

Rq = 0.567
nm

Rq = 4.093
nm

d)

c)

Rq = 4.622
nm

Rq = 2.059
nm

Figure A17. Atomic force microscopy phase images of thin film of P(DPPTVT) a) 2 wt.% solution
in chlorobenzene; b) blended with 98 wt.% BPE without annealing, c) blended with 98 wt.% BPE
after annealing at 100 °C, and d) blended with 98 wt.% BPE after annealing at 170 °C.
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Figure B1 A schematic illustration of preparing a DPP-based polymer/BPE thin film under strain
through film-on-water (FOW) method.
Table B1. Average and maximum hole mobility (μhave, μhmax), threshold voltages (Vth), Ion/Ioff, and
ratios for OFETs fabricated from polymer blends of 0 wt.% to 90 wt.% BPE before and after
thermal annealing. The device performances were averaged from 12 devices, from three different
batches. Thickness was evaluated by profilometry.

Sample

0 wt.% BPE
50 wt.% BPE
75 wt.% BPE
90 wt.% BPE

Annealing
Temperature
[°C]
as cast
170
as cast
170
as cast
170
as cast
170

W/L

20
20
20
20

Thickness

ave

μh

max

/ μh

(nm)

[cm V s ]

25.8

0.27±0.04/0.50

2

-1 -1

ave
ION/IOFF
6

-0.1±4.90

6

-9.8±4.04

5

-1.9±4.82

6

-3.5±6.87

6

-1.8±4.10

6

-2.6±5.24

5

-5.8±2.52

6

-2.6±4.41

10

30.8

0.75±0.16/0.97

10

34.1

0.33±0.09/0.52

10

29.6

0.64±0.09/0.89

10

33.1

0.32±0.08/0.47

10

30.7

0.79±0.09/1.04

10

29.5

0.29±0.10/0.46

10

33.2

0.53±0.10/0.84

10
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ave

Vth
[V]

Figure B2. Crack on-set strain of P(DPPTVT)/BPE blends containing from 25 wt.% to 75 wt.% of
BPE obtained by observing the formation of cracks under optical microscope (right) and before
appearance of cracks (left). Scale bars are 50μm.
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Table B2. Parameters used for AFM-IR imaging of the polymer blends

Sample
25% BPE
50% BPE
75% BPE
90% BPE

Scan
Rate
0.5 Hz
0.5 Hz
0.5 Hz
0.5 Hz

IR
Power
65%
65%
65%
80%

Setpoint
2.6 V
2.8 V
3.0 V
1.1 V

Integral
Gain
0.1
0.1
0.10
0.75

Drive
Strength
0.28%
6%
10%
15%

Wavenumber
(cm-1)
1660
1660
1660
1660

Figure B3. Atomic force microscopy images (height) of BPE/P(DPPTVT) blends containing 0 to
90 wt.% BPE at 10% strain before thermal annealing.
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Figure B4. Atomic force microscopy images (height) of BPE/P(DPPTVT) blends containing 0 to
90 wt.% BPE at 25% strain before thermal annealing.

Figure B5. Atomic force microscopy images (height) of BPE/P(DPPTVT) blends containing 0 to
90 wt.% BPE at 50% strain before thermal annealing.
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Figure B6. Atomic force microscopy images (height) of BPE/P(DPPTVT) blends containing 0 to
90 wt.% BPE at 75% strain before thermal annealing.

Figure B7. Atomic force microscopy images (height) of BPE/P(DPPTVT) blends containing 0 to
90 wt.% BPE at 100% strain before thermal annealing.
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Figure B8. Atomic force microscopy images (height) of BPE/P(DPPTVT) blends containing 0 to
90 wt.% BPE at 50% strain after thermal annealing.
a)

b)

Abs. //

Polarizer

Abs. ⊥

Polarizer

Incident beam

Incident beam
Stretching

Stretching

Figure B9. Schematic diagram of polarized UV-vis characterization on stretched polymer blend
films with the polarization direction of light a) parallel and b) perpendicular to the stretching
direction.

123

Figure B10. Polarized UV-vis spectra of BPE/P(DPPTVT) blended system with 0 wt.% BPE
stretched at different percent strains, with the polarization direction of light parallel (0°, red curve)
and perpendicular (90°, black curve) to the stretching direction.

Figure B11. Polarized UV-vis spectra of BPE/P(DPPTVT) blended system with 25 wt.% BPE
stretched at different percent strains, with the polarization direction of light parallel (0°, red curve)
and perpendicular (90°, black curve) to the stretching direction.
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Figure B12. Polarized UV-vis spectra of BPE/P(DPPTVT) blended system with 50 wt.% BPE
stretched at different percent strains, with the polarization direction of light parallel (0°, red curve)
and perpendicular (90°, black curve) to the stretching direction.
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Figure B13. Polarized UV-vis spectra of BPE/P(DPPTVT) blended system with 75 wt.% BPE
stretched at different percent strains, with the polarization direction of light parallel (0°, red curve)
and perpendicular (90°, black curve) to the stretching direction.

Figure B14. Polarized UV-vis spectra of BPE/P(DPPTVT) blended system with 90 wt.% BPE
stretched at different percent strains, with the polarization direction of light parallel (0°, red curve)
and perpendicular (90°, black curve) to the stretching direction.
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Figure B15. Dichroic ratios of the BPE/P(DPPTVT) blends containing a) 0 wt.%; b) 25 wt.%;
c) 50 wt.%; d) 75 wt.%; and e) 90 wt.% of BPE in function of strain determined by polarized UVVis spectroscopy

Figure B16. Observations of a brittle freestanding thin film above 25 wt.% BPE obtained by FilmOn-Water tensile test.
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Figure B17. Wide-angle grazing incident X-Ray diffractogram (GIXRD) of a) P(DPPTVT),
b) P(DPPTVT) + 50 wt.% BPE, and c) P(DPPTVT) + 90 wt.% BPE.
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